CRC Handbook
of
Atmospherics

Volumel

Editor

nnnnnnnnnnnnnnn



Jodhwar Univusity Ltbrcmo
_‘Ei:“"—— ncs.ﬁo..)?.L 2wl sz:b RSIy
PERIR ccl ﬁo...-

Ned) %y)/;;//ﬂ//f/a’é 7

Library of Congress Cataloging in Publcation Data
Marn enity under utle
Handbook of atmosphertcs

Bibliography p

Includes index

1 Atmospheric clectnicidy 1 Volland lians
Qo6 H33 552 5°6 81 674
ISBN 0-8493-3226-5(v 1) AACR2
1SBN 0 3493-3227-3 (v 2)

This book represents snformation abtawned from authentic and highly regarded sources Reprinted mate-
nal 1s quoted with permission and sources are indicated A wide variety of references are bsted Frery
reasonable effort has been made to give relable data and information but the author and the publisher
cannot assume responsibility for the validity of all matersals or for the consequences of their use

All nights reserved This book, or any parts thereof may not be reproduced in any form without wetten

consent from the publisher

Direct all inquiries to CRC Press, Inc , 2000 N W 24th Street Boca Raton, Flonda 33431

© 1982by CRC Press, Inc

International Standard Book Number 0-8493 3226-5 (Volume I)
Internattonal Standard Book Number 0-8493-3227-3 (Volume i1}

Library of Congress Card Number 81 674
Printed 1n the United States



PREFACE

Atmospherics, or sferics, which are the electromagnetic puises radiated from light-
ning, have been intimately related with radio science since its beginnings. It was A.S.
Popov, then in St. Petersburg, who in 1895 connected a wire to a detector and heard
noise of an impulsive character. That was indeed the first observation of sferics in the
audio frequency band.

““More generally, an atmospheric can also mean any incoming transient that stands
out above the inevitable noise background in radio reception. The transient signal may
originate naturally but not necessarily in lightning; blizzards, dust storms, and corona
discharge are among the possible sources. The transients may also be due to man;
signals are radiated, for example, by cars, by powerlines, and by electrical machinery.
Indeed, the strongest atmospheric of all is man-made — the electromagnetic pulse
created by a nuclear explosion.

When many transients arrive in rapid succession, with their effects often merging
into each other, the resulting disturbance is usually termed ‘‘radio noise’’. Radio noise
is distinguished according to its origin; thus we have atmospheric (dominantly due to
lightning) noise, man-made noise and galactic (cosmic) noise’”.*

Radio noise of atmospheric and cosmic origin limits the system performance of radio
transmission lines. Radio engineers have, therefore, extensively studied its variations
with frequency, geographic location, time of day and season. Lightning currents are
strong sources of very low frequency (VLF) and extremely low frequency (ELF) radio
waves, which are very difficult to generate with commercial transmitters. These sferics
are used by radio engineers as well as ionospheric physicits to study the characteristics
of the wave guide between the Earth and lower ionosphere, in particular the behavior
of the ionospheric D-layer. That wave guide behaves like a resonance cavity for waves
near 7.5 Hz and its harmonics. Standing waves can be excited by lightning strokes
(Schumann resonances). Electromagnetic pulses from lightning can also propagate
along the geomagnetic lines of force into magnetospheric regions (whistler propaga-
tion) and allow indirect probing of the magnetosphere. The plasmaphere, a region of
enhanced ion concentration in the near environment of the Earth at distances of a few
Earth radii, was discovered from whistler measurements.

The wave forms of sferics from lightning depend on the electric charge stored within
the lightning channel and also on channel characteristics such as channel length, di-
ameter and orientation. An investigation of sferic wave forms thus affords insight into
the physics of the various types of cloud-to-ground as well as intracloud strokes. Fi-
nally, lightning activity deduced from statistics of sferics is of interest to meteorolo-
gists, because a significant amount of latent heat within the troposphere is released in
thunderclouds.

The participation of such diverse scientific and technical disciplines as meteorology,
astronomy, atmospheric electricity, ionospheric and magnetospheric physics, electro-
magnetic wave propagation, and radio techniques in the research of atmospherics leads
to the dilemma that the results published in scientific papers are widely spread in the
literature. This Handbook is an attempt to collect the present knowledge on atmos-
pherics in two volumes. Each chapter is written by an expert in his field. In order to
be as complete as possible, some topics related to the study of atmospherics such as
physics of thunderclouds, thunder, global atmospheric electric currents, biological as-
pects of sferics, and various space techniques for detecting lightning within our own
atmosphere as well as in the atmospheres of planets, are included in the Handbook.

* Pierce, E. T., Atmospherics and radio noise, in Lightning,, Vol. I, Golde, R. H., Ed., Academic Press
London, 1977, 351. ,
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THE PHYSICS OF THUNDERCLOUDS

Bernard Vonnegut
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THUNDERCLOUDS

Many kinds of clouds are capable of generating the strong and extensive electric
fields required to produce lightming These cloud types mnclude volcamic clouds,® dust
storms,** and snowstorms ¢* Most of the lightning of the Earth 1s produced by strongly
convective cumulus clouds, and preliminary observations indicate that convective
clouds may also be important lightrung producers wn other planetary atmospheres as
well 224 In our discussion of the physics of clouds we will confine our attention to
the cumuliform clouds known as cumulommbus clouds, thunderstorms, or thunder-
clouds

The common characteristic of thunderclouds 1s a vigorous system of updrafts and
downdrafts Conditions producing such strong circulation occur when the atmosphere
becomes unstable, and buoyant volumes of warm, moist awr at Jower levels nise i the
presence of cooler, more dense air Becausc heating from the sun is the primary cause
of the formation of temperature contrasts in the atmosphere, strong convective activity
and thunderstorms are most common 1n the tropics, semitropics, and temperate zones
They are rare, but not unknown, in the polar regions Thunderstorm activity 1s most
ntense and frequent during the spring and summer, but it can take place all umes of
the year It should be noted that under certan conditions, such as exist in the north
Atlantic, the greatest convective mnstability occurs during the winter months when cold,
polar air flows over the retatively warmer ocean waters Here thunderstorms are more
frequent in winter than in the summer

Satellite observations show that hghtoing discharges are far more common over land
than they are over oceans ** A posstble explanation for this 1s that the temperature of
the ocean surface rnises much less under the influence of solar heating than the temper-
ature of land masses under the influence of solar heating This 1s so because water has
much greater heat capacity than land surfaces, the energy received from solar heating
15 dissipated to a considerable depth, and the temperature rise 1s reduced by evaporative
cooling Because temperature contrasts are generally somewhat less over large bodies
of water than over land, convective acuivity and thunderstorms are less common It 1s
also concetvable that the lower incidence of electrical activity observed over the water
may be related to differences between the electrical characteristics of land and water
surfaces For example, much higher electric fields are required to produce pant dis-
charge over water surfaces than are required to produce point discharge from vegeta-
tion and other structures over land **

Thunderstorms occur both day and mght, but the maximum storm and lightning
actiity usuvally occurs over land in midafternoon when solar heating and convection
are at a maximum In some parts of the world, however, (for example, portions of
the U S ) the maximum frequency of thunderstorms and precipitation occurs late at
night

The electric currents flowing from thunderstorms to the Earth and to the upper
atmosphere maintain the electrically conducting upper atmosphere at a positive poten-
tial of several hundred kilovolts with respect to the Earth * This movement of charge
gives rise to a global fair weather electric field, which, at the surface of the Earth, 1s
of the order of 100 V. m™' The period of greatest global thunderstorm activity occurs
when the sun 1s shining on the land masses of the Earth, and the global fair weather
electric freld attamns its maximum value during this time nterval *

Meteorologsts distinguish between two types of thunderstorms The first of these,
the so-called “*air mass’” thunderstorm, 1s most common during the summertime It1s
produced by solar heating, which creates buoyant parcels of warm air near the surface
that nise to form cumulus clouds, a few of which then develop to become 1solated
thunderstorms The second kind of thunderstorm, known as the “frontal”” storm, 15
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FIGURE !  Approximate sizes of various lightning producing clouds.

produced at the interface between two contrasting regions of air, one warm and moist,
and the other cool and dry. The frontal storms arise as a result of an overturning in
which warm, moist air at the surface rises and is displaced by colder air. This process
can produce long lines of large thunderstorm cells that have sometimes been observed
to make horizontal lightning discharges 100 km long or more.*** 7> When the temper-
ature contrast between air masses is very large, as is often the case in spring, the clouds
have intense convective activity, rise to great heights, and produce unusually frequent
and energetic lightning.™

Thunderstorms vary greatly in size. Except for volcanic clouds, which can produce
lightning when they are only half a kilometer in height,? atmospheric clouds don’t
often produce lightning until they grow to a depth of at least 3 km. As is indicated in
Figure 1, average thunderstorms are of the order of 10 km in altitude, while the rare,
extraordinarily severe storms that sometimes produce tornadoes, have been measured
at altitudes in excess of 20 km."

The largest and probably the most active of all lightning generators are the enormous
clouds produced by violent volcanic eruptions. These clouds penetrate far into the
stratosphere, reaching altitudes in excess of 30 km.

Development of the Cloud

In the morning of a typical day when air mass thunderstorms will develop, the sky
may be entirely free of clouds. As the sun rises and the morning progresses, heating
of the ground under the influence of the sun warms the lower levels of the atmosphere,
creating buoyant parcels of air. These accelerate and rise to some altitude, then lose
their upward momentum and fall back. In its early stages, this process is invisible, but
when parcels of the air, becoming more and more unstable, rise and cool slightly below
the dew point temperature, a visible cloud begins to form. Small, spherical liquid water
droplets of the order of tens of microns in diameter form by the condensation of water
vapor on minute particles in the atmosphere known as condensation nuclei.?® Typically
the concentration of these droplets in the cloud is of the order of 10 to 100 per cubic
centimeter. Because these droplets scatter sunlight, the updrafts become visible above
the condensation level. Condensation occurs around only a few percent supersatura-
tion, so the temperature of the cloud base is only very slightly below the dew point of
the air mass from which the cloud is forming. The air mass is often quite homogene-
ous; therefore, the cloud base approximates a horizontal surface. Because the clear air
under the cloud base cools at approximately 10°C for each kilometer it rises and be-
cause the vapor pressure of water decreases by a factor of 2 for each 10°C temperature
drop, it is possible to estimate the height of the cloud base above the ground from
measurement of the relative humidity on the ground beneath the cloud. For a relative
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humidity of 50%, the height of the cloud base 1s approximately 1 km For a relative
humidity of 25%, the cloud base 15 2 km, etc Of course this rule apples only to
cumulus clouds 1n a freely convective system

As the air rises above the cloud base, 1t continues to cool, and more moisture con-
denses to form cloud droplets Often this air may rise above 1ts equilibrium level and
then descend as a downdraft In this case, as the descending air 1s heated adiabatically,
when 1t descends below the level of the cloud base, the condensed cloud particles will
evaporate Fhghts with an airplane just below the base of a cumulus cloud show that
although 1t appears to be flat and motionless like a ceiling, there are regions of strong
updrafts and downdrafts This shows that the flat base 1s not a static interface between
clear and cloudy air, but a level 1 a convective system where formation of cloud par-
ticles 15 occurring 1 updrafts or evaporation of cloud particles 1s occurring in down-
drafts

The latent heat that 1s released when water condenses, approximately 600 cal/g,
plays an important role in the dynamics of a cloud Because of the heat liberated by
condensation, the moist air 1n a cloud cools much more slowly than dry air as 1t rises
At a temperature of 20°C the so-called moist adiabatic lapse rate 1s about 6°C km™
1 contrast to the dry adiabatic lapse rate of about 10°C km™ Due to heat released
by droplet growth, nising clouds are often able to maintain their temperature above
that of their environment The buoyancy of warmer air causes cloud parcels to expe-
rience upward accelerations over many kilometers of nise and to achieve high vertical
velocities The cloud may be considered to be a giant heat engine putting air into mo-
tion from power that 1s derived from the heat released by the condensation of water

In severe storms, updrafts can reach vertical velocities in excess of 50 m sec™
Finally, because of 1ts upward momentum, the once warm cloud air rises above the
mversion at the tropopause mto the stratosphere where 1t 1s colder than its environ-
ment [t 1s now negatively buoyant, and 1ts vertical velocity begins to decrease In the
case of larger thunderstorms, the momentum of the nising air may be sufficient to
carry 1t several kilometers into the stratosphere before 1t ceases to rise and then falls
back ” Such a penetrative cell 1s shown 1n Figure 2, a photograph of a thundercloud
taken from a satelhte By the time the rising atr in the cloud has reached the altitude
of the tropopause, 1ts temperature will have dropped to approximately ~50°C, and
most of the moisture will have condensed out As a result, the nsing air in the penetra-
twve turrets of these clouds contams so little water that 1t cools at approximately the
dry adiabatic rate of 10°C km™ The temperatures in these very high clouds that have
been observed to reach altitudes of more than 20 km can drop to as low as —80°C

When the nising currents of air n the thunderstorm reach their apogee, they fall
back, achieving increasing downward velocity until they warm up through adiabatic
compression to the pomnt that their temperature 1s greater than that of their environ-
ment These downdrafts persist until finally they have descended to the point that their
downward vertical momentum has been dissipated Observations of New Mexico thun-
derstorms show that the time of rise of the cumulus cloud top and the time of its
descent are very nearly equal, being typically of the order of 6 or 8 mimn *

Vertical Extent

Because the height to which the cloud mises 1s a measure of the intensity of its up-
drafts, the cloud top temperature 1s a good mdicator of the severity of the storm
Satellite meteorologists now 1dentify paruicularly severe storms by the unusually low
temperatures of therr cloud tops as determined by infrared technmiques

Shackford’s®> (1958) observations (see Figure 3) have shown that i general, the
higher the cloud top, the greater the frequency of hightnung It appears probable on
the basis of hus findings that the colder the cloud top, the more frequent the occurrence
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FIGURE 2. Thundercloud over Honduras viewed from Apollo 9 at an altitude of 190 km. The cell in the
center of the cloud penetrating into the stratosphere casts a dark shadow. (From NASA, March 1979.)
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of the ightming discharges in the storm will be, although this has yet to be confirmed
by direct measurements

Formation of Precipitation

The vast majonity of the clouds in the atmosphere form and dissipate without ever
producing any preaipitation The cloud particles produced by condensation are so
small that they fall extremely slowly, evaporate in the unsaturated air beneath the cloud
base, and never reach the ground In order to form precipitation, the moisture com-
pnising the smail droplets of the cloud must form much larger precipitation particles,
mulltmeters in diameter, that have terminal veloctties of many meters per second and
that are capable of falling all the way to the Earth before they evaporate Because the
diameter of precipitation particles 1s approximately 100 times larger than that of the
cloud particles, the formation of precipitation requires processes that will be capable
of making a single large precipitation particle from about a mithon httle cloud parti-
cles

The formation of large particles mn a cloud of small particles that leads to precipita-
tion tahes place by several mechanisms Because of the Kelvin? effect, the smaller
particles have a shightly higher vapor pressure than larger particles, therefore, the water
evaporates from the smaller particles and condenses on the larger particles If given
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enough time, this process could result in the formation of precipitation; however, it
takes place so slowly that it is usually not of importance. Two other much more effec-
tive mechanisms are recognized that are dominant in the formation of precipitation.

The first of these is the growth of large particles by coalescence. Collisions take
place between the particles within the cloud as the result of Brownian movement of
the smaller particles or as the result of larger, faster falling cloud particles overtaking
smaller, slower falling cloud particles. When such collisions occur and the particles
either coalesce or adhere to each other, it results in the formation of a larger particle.
Because particles growing by this mechanism have an increasing rate of fall, their rate
of collisions with smaller particles increases. In this way they grow into precipitation
particles, such as rain, graupel, or hail, having terminal velocities of many meters per
second. Growth of precipitation particles as the result of collisions is the primary proc-
ess leading to the formation of rain in regions of the cloud warmer than 0°C. This
process can also play a very important role in the formation of rain, graupel, and hail
in portions of the cloud colder than 0°C where supercooled liquid water often is pres-
ent.

A second mechanism, first recognized by Bergeron® and named in his honor, takes
place in regions of clouds whose temperature is below 0°C. Even as low as —38°C,*?
far below the so-called freezing point of water, cloud droplets can exist as a liquid in
what is known as the ‘‘supercooled’” state. Such supercooled droplets are a common
occurrence in clouds all over the world, not only in the winter, but also in the summer
when even in the hottest weather the 0°C isotherm rarely extends more than 5 km
above sea level. Because supercooled liquid water is a metastable phase, it has a signif-
icantly higher vapor pressure than ice at the same temperature. As a result, when ice
crystals are present in a supercooled cloud as the resuit of formation on ice-forming
nuclei or other processes, they rapidly grow at the expense of nearby supercooled water
droplets until they become large enough to fall through the cloud as snow crystals or
other types of ice precipitation. If such ice particles fall into air that is above 0°C for
a sufficiently long distance, they will melt to form rain. Much of the rain falling upon
the surface of the Earth originates within the cloud as ice particles produced by the
Bergeron process. A supercooled cloud in which ice crystals or ice forming nuclei are
absent can persist for long periods of time without forming precipitation. Under such
conditions, the formation of snow or rain can be greatly accelerated by cloud seeding.??
This technique catalyzes the formation of ice crystals by introducing into the cloud
such agents as dry ice (solid carbon dioxide), which initiates ice crystal formation be-
cause of its low temperature, or by minute silver iodide particles, which serve as ice
nucleation centers.

Although the formation of precipitation and the electrification of the cloud often
take place at about the same time, the relationship between these two phenomena is
quite variable. Clouds that are giving significant amounts of precipitation, either by
coalescence or by the Bergeron process, sometimes produce strong electric fields and
lightning, while in other instances such clouds produce extremely small electrical per-
turbations. Clouds giving little or no rain usually show very little electrical activity. In
some instances, however, they may exhibit strong electrical perturbations before the
presence of precipitation can be detected with radar.” In clouds where the electrifica-
tion has developed sufficiently to cause lightning, precipitation is almost invariably
present; however, on some occasions estimated rainfall rates can be as small as 1 mm
hr* or less.*> Observations of clouds suggest that in order for a cloud to develop into
a lightning producing thunderstorm, appreciable vertical convective activity must also
be present in addition to precipitation.3s
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CLOUD ELECTRIFICATION

Electric Fields

In the early fair weather cumulus stage of thunderstorm development, the electric
field perturbations produced within and outside of the cloud are usually quite small
and are often undetectable These perturbations arise from two causes Fast 1ons within
the cloud rapidly become attached to cloud particles, so the cloud 15 a much poorer
conductor of electricity than the surrounding clear air As a result, the presence of the
cloud alters the fair weather conduction current and produces small perturbations of
the electric field * Electrical perturbations are also produced when updrafts carry air
into the cloud from below that has somewhat higher space charge density than the air
surrounding the cloud Experiments have been carried out showing that electric field
perturbations of the order of 100 V m™ can be produced by artificially introducing
space charge into the air nsing from the ground up 1nto the cloud ™

The onset of thunderstorm electrification within the cloud 1s indicated when the far
weather electric field beneath the cloud and above the cloud changes from negative to
positive, and begins to mncrease in the anufair weather sense  This shows that the cloud
has become approximately a vertical dipole, with positive charge 1n the upper and a
negative charge in the lower part of the cloud As would be expected from the dipole
distribution of charge, the antifair weather electric field intensity beneath the cloud
decreases with distance, finally reversing and becoming intensified 1n the fair weather
direction

The beginning of strong electrification 1s assoctated with a rapid vertical and hori-
zontal development of the cloud Typically, the electric freld grows exponentially with
time, approximately doubling every few minutes Finally, when the electrical stresses
withmn the cloud become sufficiently large, dielectric breakdown and lightning occur
A history of a thunderstorm 1n New Mexico 1s shown 1n Figure 4 The sudden discon-
tinuities appearing as vertical lines on the electric field record are produced by the
rapid field changes caused by lightning flashes

The maximum ntenstty of the electric fields that can develop 1n a thunderstorm 1s
Iimuted by lightning and other dielectric breakdown processes Electric fields as high
as 400 KV m™* have been measured inside of the cloud,*? and estimates of the maximum
mntensity are as high as 1000 kVm ' ¢

Over land surfaces the intensity of the electric field at the surface beneath a thunder-
storm 1s himited by a screening layer of space charge created by pont discharge that
occurs from vegetation and other structures ** Usually the maximum electric field 1s
only of the order of a few kilovolt m™ On occasion, however, values somewhat 1n
excess of 10 kV m™" are observed Over the lakes and oceans, where much higher fields
are required to produce point discharge, electric fields have been measured m excess
of 100 kV m™ * In the clear air a short distance above the top of a thunderstorm,
electric fields reach values of the order of 40 kV mt 4

How the elecinc field 1s affected by hghiming discharges 1s strongly dependent on
posiion with respect to the cloud Figure 5 shows that wn the clear air above the top
of the thunderstorm the electric field frequently 1s reversed or even intensified by the
discharge ** Inside of the cloud, as 1s shown 1n Figure 6, the electric freld 1s usually
not reversed, but merely reduced 1 intenstty On the ground beneath the cloud, the
electric field 1s often reversed and intensified

The field reversal above the cloud 1s probably caused by a screeming layer of space
charge that 1s deposited on the cloud surface by the clear air conduction current flow-
ing from the upper atmosphere 7 The field reversal beneath the cloud 1s probably

caused by a region of space charge produced by point discharge from the surface of
the Earth **
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FIGURE 4. Time history of various featurcs of a thundercloud formed over Langmuir Labora-

tory on August 17, 1977. (Courtesy Professor Charles B. Moore, New Mexico Institute of Mining
and Technology.)

Most aerosol, cloud, and precipitation particles are electrically conducting, having
electrical relaxation times of less than a second. As a result, the ambient electric field
is intensified by charges induced on these particles. Spherical cloud droplets and rain-
drops cause a three-fold intensification, while ice particles and large raindrops dis-
torted by aerodynamic and electrical forces may cause much greater intensification of
the electric field. While the intensified fields caused by aerosol and cloud particles may
reach values far in excess of 3000 kV m™*, normally considered the dielectric strength
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of arr, they do not mitiate 10nization because of their very small size Larger particles,
however, play a role i imtiating various drelectric breahdown processes, particularly
when they expenence large distortions or collisions *° The even greater electrieal per-
turbations™ caused by aircraft and rockets undoubtedly can also trigger lightning

The rapid electric field changes associated with hightning not only provide informa-
tion on the details of the electrical discharge, but if measurements are made at several
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locations under the cloud, such data can be used to calculate the magnitude and the
location of the electrical charges deposited by the lightning flash and its individual
strokes.”®

Charged Particles

Charged particles are responsible for the electrical properties of the thunderstorm.
The population of these particles and their distribution in space determine the strength
and pattern of the electric field of the storm. Their movements under the influence of
electrical, gravitational, and aerodynamic forces determine the development and dis-
sipation of the electrical energy of the storm.

The experimental difficulties in obtaining reliable data in the storm concerning the
distribution of electrical particles in space and time are so formidable that at present
there is not enough information to characterize the electrical structure of the storm or
the processes responsible for its development. It is possible, however, on the basis of
present knowledge to indicate the various kinds of electrified particles that are un-
doubtedly present and the roles they may conceivably be playing.

In order of increasing size, the important charged particles involved in thunderstorm
electrification are as follows: electrons, ionized atoms, molecules and molecular clus-
ters (fast ions or small ions), charged aerosol particles (large ions), charged cloud ice
particles, charged cloud droplets, charged snow crystals and snowflakes, charged rain-
drops, charged graupel particles, and charged hail. Although the movement of elec-
trons is of dominant importance in the dielectric breakdown process and in the con-
duction of electric charge through plasmas,'! free electrons have a very short lifetime
and rapidly become attached to atoms and larger particles. They therefore are a negli-
gible constituent of the accumulations of charged particles in the cloud responsible for
thunderstorm electric fields.

Fast ions produced by cosmic rays play a dominant role in the electrical conduction
processes in the clear air above and around the cloud.?® Similarly, beneath the cloud,
fast ions produced as the result of cosmic radiation, radioactive decay, and point dis-
charge play an important role in conduction currents flowing as a result of the electric
field of the storm and in the convection of charge by updrafts and downdrafts in the
clear air beneath the thundercloud base. The space charge of fast ions above the cloud
and beneath the cloud base probably plays an important role in determining the exter-
nal electric fields of the cloud.

Fast ions are produced inside of the cloud by dielectric breakdown, cosmic rays,
and radioactive disintegration. They are brought into the cloud from the clear air sur-
rounding the cloud under the influence of electric fields and by advection resulting
from the cloud circulation. Probably they play only a minor role in large-scale electri-
cal conduction processes within the cloud, for they rapidly become attached to cloud
particles through diffusion and through movement under the influence of the electric
field. The steady-state concentration of fast ions in the cloud is so small that they
probably are of minor importance as a constituent of the particles comprising the
charged regions within the cloud.

Even the cleanest atmosphere always contains suspended particulate matter, either
solid or liquid, that can serve as a carrier of electric charge.*® These particles range in
size from submicroscopic Aitken nuclei as small as 10~ m up to large dust particles of
10™m in radius. These aerosols are produced by such natural sources as bursting bub-
bles from the ocean, volcanic eruptions, sand and dust storms, and the disintegration
of meteors. In addition, biological activity generates spores and pollen as well as or-
ganic vapors that polymerize to form particles. In urban locations the population of
aerosol particles is dominated by man-made particles arising from combustion proc-
esses, smelting, and manufacturing. Large quantities of aerosols become highly elec-
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trified 1n volcanic eruptions and 1n sand or dust storms, and play a dominant role n
the formation of lightning n these natural phenomena In the case of the ordinary
thunderstorm, aerosols probably play a much less important role Beneath the thun-
dercloud, 10ns of either sign released by pomnt discharge will rapidly attach themselves
to acrosol particles that may be present, thus causing these particles to become electri-
fied with one sign or the other Because the mass and the aerodynamic drag of aerosol
particles 1s vastly larger than that for small 10ns, electrified aerosol particles have mo-
bilities several orders of magnitude lower than 1ons * Their motion under the influence
of electric forces even 1n intense electric fields 15 small relative to the velocities of
convective circulation in a storm ** In the air beneath the cloud, these charged aerosols
formed by attachment of 10ns caused by point discharge probably play an important
role 1n determiming the electric field on the ground surface under the storm When
they are carnied by the updrafts nto the cloud, the electrified aerosol particles quickly
lose their 1dentity They collide with and become attached to small cloud particles or
serve as nucler for droplet formation Because of these processes, charges carried by
the acrosol particles are rapidly transferred to cloud particles It ts doubtful whether
tn the clouds of ordinary storms the charged aerosol particles are important either as
charge carners or as charged particles contributing significantly to the electrification
of the cloud

Undoubtedly, small cloud particles, both tce crystals and water droplets, are a very
mmportant class of electrified particles within the thundercloud Not only 1s the mass
of these particles far greater than the combined mass of all the other particulate matter
in the storm, but 1 addition, because of their small size, these particles present by far
the largest surface area available for carrying electric charge At the base of the cloud
these particles can acquire charge by the attachment of fast 1ons carried up to the cloud
under the influence of updrafts and electrical forces If they condense on or collide
with aerosol particles carried up into the cloud, they will acquire whatever charge these
may be carrying On the top of the storm, particles on the upper part of the cloud will
become clectrified by the attachment of 1ons attracted to the cloud under the nfluence
of 1ts electric field Within the cloud the small particles can become electrified by sev-
eral processes When a cloud particle collides with and separates from another cloud
or prectpitation particle, a separation of charge generally takes place, either as the
result of electrostatic induction 1 an electric field* or as a result of frictional or con-
tact electnification ** A consequence of these processes 1s that systematic electrification
may occur, the cloud particles acquiring one sign of charge (usually positive), while
the precipitation particles acquire the opposite charge (usually negative)

Other processes can also form electrified cloud particles, for example, the fragmen-
taton of large precipitation particles when they break up by collision or by the action
of aerodynamic forces When bubbles burst in melung ice particles or raindrops, the
small droplets they eject can be highly charged The freezing of liquid drops often
takes place with the formation of an outer sphere of ice and the consequent develop-
ment of hugh internal pressures When the 1ce shell breaks, strongly electrified particles
can be cjected The fracture of dendritic ice structures 1s also capable of producing
small charged particles * Lightming ot other varietics of diclectric breakdown processes
occurning within a cloud result in the deposition of coulombs of positive or negative
tons within the cloud While some of these 1ons may ncutralize the charged cloud or
precipiiation particles that gave nise to the lightning discharge, others may cause the
formation of other charged cloud particles by becomung attached to neutral or weakly
charged droplets or ice particles.*s 7

Laboratory experiments indicate that duning the evaporation of electrified water
drops, the electric charge remains on the drop surface so that the charge per umt area
and electric field at the surface increase with ime Frnally, as the drop evaporates, the



Volume I 13

Table 1
FALLING SPEEDS OF
RAINDROPS AT 1 BAR
ATMOSPHERIC
PRESSURE
Drop diameter {cm) msec™!
0.1 4.0
0.2 6.5
0.3 8.0
0.4 8.8
0.5 9.0
0.6 9.3

electrical stresses can become so large that either dielectric breakdown of the air occurs
at the drop surface or the electric forces exceed those of surface tension and the droplet
becomes unstable and breaks up.'* In portions of the cloud where the relative humidity
is less than saturation with respect to the charged water particle, evaporation may give
rise to a class of very highly charged small water particles. Because of their extremely
high charge-to-mass ratios, such water particles may have mobilities as high as several
centimeters per second per volt per centimeter, comparable with that of small tons.

Electrified raindrops are another highly important carrier of charge within thunder-
storms. Raindrops can become electrified by a variety of charging processes.® If a
raindrop falling in a vertical electric field overtakes and collides with a smaller droplet,
as is shown in Figure 6, an inductive charge transfer process can take place, in which
the charge transfer process takes place in such a way that the falling raindrops augment
the existing electric field. Drop electrification can also occur as the result of contact
electrification when they collide and bounce off other water drops or ice particles.
Raindrops may acquire a charge when they are formed as the result of the coalescence
of charged cloud droplets or by the melting of electrified ice crystals. When bubbles
within raindrops move to the drop surface and break, small highly electrified droplets
may be ejected causing the raindrop to acquire the opposite charge.’* When raindrops
become large enough that they can be disrupted by aerodynamic forces or by electrical
forces acting on the surface, the resulting drops formed by the breakup can become
strongly electrified by induction or by charge separation processes taking place at the
surface during its disruption.®® Measurements show that raindrops reaching the ground
often carry the same sign of charge that is being emitted by point discharge from
nearby vegetation and other objects under the influence of the thunderstorm electric
fields.s” This situation, in which the rain carries the same sign of charge as the ions
being released by point discharge, is sometimes called the ““mirror image effect”’, for
the record of the charge carried by rain mirrors the record of the electric field. It is
undoubtedly the result of the attachment of upward moving point discharge ions to
the falling raindrops. It is to be expected that when lightning events deposit charge in
the form of fast ions near falling raindrops, some of the raindrops will become electri-
fied by ion attachment. Gunn®* has suggested that ‘‘hyper-electrification’ will occur
when ions moving toward the cloud under the influence of its electric field become
attached to falling raindrops.

Because the force of gravity acting upon electrified raindrops can be large enough
to carry charge in opposition to the electrical forces acting on the particle, falling rain
may play an important role in generating the electric fields of thunderstorms. Table 1
shows the terminal velocities of various sizes of nonelectrified raindrops falling at 1
bar atmospheric pressure. Computer studies modeling the growth and electrification
of water particles in a thundercloud' indicate that under the influence of electric
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forces, charged drops in an average thunderstorm may experience a decrease in velocity
of as much as several meters per second Some investigators have suggested that the
electrical force acting upon highly charged ramndrops in very strong electric fields may
become large enough 1o levitate the charged raindrops or even cause them 1o move
upwards ** As yet there 1s no unequivocal experimental evidence of this phenomenon
m thunderstorms

Frozen precipitation ranging from small graupel particles of the order of 1 mm in
diameter up to hail, which has been observed m excess of 10 cm, 1s undoubtedly an
important charge carrier 1n thunderclouds Because hail particles do not readily break
up under the nfluence of aerodynamic forces and can reach sizes and masses far
greater than the largest raindrop, they can reach higher terminal velocities than rain
Hail particles 5 cm i diameter have a terminal velocity in excess of 30 m sec™ 7 A
hail particle has more surface area and falls at much higher speeds than a raindrop,
thus 1t can transport charge at much higher rates Vartous mvestigators have, there-
fore, suggested that falling charged hail may be one of the prumary contributors to the
electrification of thunderclouds *” It must be recognized, however, that although the
falling hail can be an efficient transporter of electric charge, because of the relatively
small number of hail particles available and their relatively limited total surface area,
large hail probably 1s not an important charge carrier or component of charged regions
n most thunderstorms

With the exception of the rather rare small thunderstorms in the tropics that do not
extend above the freezing level,*’ most thunderstorms rise to levels where the temper-
ature 1s far below freezing Frozen particles, particularly small hail and graupel, are
commonly associated with electrification Estimates of the location of charged regions
arrived at from calculations based on field changes assoctated with lightning show that
the negatively electrified regions associated with cloud-to-ground strokes generally lie
at altitudes where the temperature 1s 10 or 20°C below freezing **

Laboratory studies indicate that the ice phase can be important n electrification
Experiments show that strong electrification occurs when freezing takes place in super-
cooled water*s* ® and when collisions occur between ice crystals and other tce crystals
or between ice crystals and iquid droplets

On the basis of these observations, many studies of thunderstorms have concluded
that the 1ce phase or freezing processes are of dommant importance n the electrifica-
tion of thunderstorms ** Future investigations may well prove this to be true It must
be recogmzed, however, that there are other electrification mechanisms capable of
producing hghtming such as those that are taking place 1n warm clouds,” volcanic
eruptions,* and dust storms ** It should also be noted that frequent energetic ightning
has been noted in the atmospheres of Venus*? ** and Jupiter'? under conditions where
s unhikely that the ice phase could be playing a role

Electric Currents and Electrification Mechamsms

The motion in any direction of any of the charged particles described above under
whatever influence constitutes an electric current To the extent that the motton has a
component in the same direction as the electrical forces acting on the particle, the
resul current will d the electrical energy of the storm To the extent that
the motion occurs 1n a direction opposite to that of the electric field, 1t will contribute
to the electrification n the storm by increasing its electrical energy The motions of
all varieties of charged particles in various parts of the storm are capable of dissipating
electrical energy Dramatic dissipative currents of the order of kiloamperes flow during
the Lightning flash through the movement of electrons n the plasma and, to a lesser
extent, that of 1ons A similar flow of charge occurs within the cloud as the result of
corona from solid*® and hiquid precipitation*® particles and beneath the storm as the
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result of corona from points on the surface of the Earth.?” In the intense electric field
in the clear air above the cloud, a current of small ions of the order of an ampere
flows under the influence of the external electric field of the cloud.'* The potential
difference between the top of the cloud and the upper atmosphere is probably of the
order of 10® V, so this current represents a power dissipation of the order of 10° kW.
Beneath the cloud a similar dissipative current of comparable magnitude and power
flows as the result of the movement of ions produced by point discharge from points
on the surface of the Earth that move up toward the base of the cloud. If there is a
high concentration of aerosol particles in the air beneath the cloud, these will become
electrified as the result of ion attachment and may constitute a significant portion of
the dissipative current if they are carried by updrafts to the cloud. Because of the low
mobility of charged aerosol particles, small ice crystals, and cloud droplets, the motion
of these particles under the influence of ambient electric fields inside and outside of
the cloud does not contribute significantly to the dissipative currents that are
flowing.®** On the other hand, if these small charged particles are carried by air mo-
tions so they move in the same direction as electric forces, they can cause a significant
drain of electrical energy. Electrified precipitation particles have much higher mobili-
ties and may constitute a significant dissipative current when they move under the
influence of electric fields. If gravitational forces or winds carry them in the same
direction as electric forces, their motion will also act to diminish the electrical energy
of the storm.

In order for a cloud to develop electrification and lightning, it is necessary that there
be electric currents in which charged particles moving in opposition to electrical forces
develop electrical energy. The current must generate electrical energy at a sufficient
rate that it exceeds the average rate at which the energy is being depleted by lightning
and the other dissipative currents discussed above.

Because of the great difficulties in determining the charged particle population in
various parts of the cloud as a function of time and how these particles move, we
presently have only a poor understanding of the nature and magnitude of the currents
responsible for cloud electrification. There are two possible mechanisms by which these
currents might flow. In the first, electrical energy can be developed when electrified
precipitation particles move downward under the influence of gravity in opposition to
electrical forces.?3¢ In the second mechanism,!®“° electrical energy can be developed
when aerodynamic forces resulting from air motions within the cloud cause electrified
cloud and precipitation particles to move in opposition to electrical forces. Doubtless
both of these electrical energy generating processes are taking place in thunderstorms.
Until better information is available concerning the distribution and motion of the
charged particles within the storm, it will not be possible to evaluate the relative im-
portance of the two mechanisms.

Charged Particle Accumulations

Through the action of gravitational and aerodynamic forces, water particles carrying
one polarity of charge accurnulate in some parts of the cloud while particles carrying
the opposite polarity accumulate in other parts of the cloud. Ultimately, at some point,
usually within the cloud, the electric field intensity becomes large enough to initiate
ionization processes that develop into a lightning discharge.

There is general agreement among investigators that the cloud can be roughly ap-
proximated as a dipole with positively charged particles in the upper part of the cloud
and negatively charged particles in the lower part of the cloud. There is evidence too
that sometimes beneath the negative charge there is a smaller, lower positive charge.

Krehbiel et al.?® have determined that cloud-to-ground flashes transfer of the order
of 50 C of positive charge into the cloud. To the extent that it is possible to infer the
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FIGURE 7 Field changes produced by lightping recorded from
a balloon within the thunderstorm cloud and from a ground ob.
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focation of the charge accumulanons responsible for hghtning from the location of
the charges deposited by lightning, the findings indicate that the negatively charged
fegion 1s at a more or less constant elevation between —9 and —17°C extending over
many kilometers Measurements made within the cloud™ show that the hightning usu-
ally reduces the intensity of the electric field by about one-half (See Figure 7) This
indrcates that the neganvely charged region 1s probably in excess of 100 C These find-
Ings are n accord with the description® that the neganve accumulation in the cloud s
frxed with respect to the Precipitation region, and the positive accumulation 1s located
upward and, 1n many cases, outward from the region as if 1t were blown there by air
cusrents within the cloud

EFFECTS OF ELECTRIFICATION

Role of Electrierty

Although much effort has been directed to studies designed to determine how cloud
physical processes produce electnification, much less has been given ta the effects that
electnified particles, strong electric fields, and dielectric breakdown can have on the
physical processes tahing place 0 the thundercloud Scientists are agreed that fine
weather electric fields of only hundreds of volts per meter and the small conduction
current, 107 amp cm 2, have httle effect on cloud physical processes. There 15 a dif-
ference of opimion, however, on the role of thunderstorm electnicity 1n the thunder-
cloud While some saientists® have neglected the role of electrification i treatments
of cloud physics, others believe that clectrical effects may be of importance i physical
brocesses taking place within the cloud.™ In ths section, some of the possible ways
that thunderstorm electrificatson could be having an effect will be considered

Cloud Microphysics
1t 15 well established by Walson’s* classic cloud chamber expenments that 1ons can
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serve as centers for drop condensation. It has, therefore, been suggested from time to
time that small ions produced by radioactive disintegrations, cosmic rays, brehmstrah-
lung, and dielectric breakdown could play an important role in the condensation of
water vapor to form clouds (see, for example, Reference 64). Students of cloud phys-
ics, however, are generally agreed that this is unlikely, for the fourfold supersaturation
of water vapor necessary to produce condensation on ions only very rarely exists in
the free atmosphere of the Earth.*®

It has been suggested that the acoustic wave produced by lightning near the channel
where it is most intense may play a part in the formation of ice crystals. Laboratory
experiments®® show that the temperature lowering produced by the sudden adiabatic
expansion of air is capable of producing very large numbers of minute ice crystals that
are capable of seeding a cloud in a manner similar to that produced by dry ice. It is
possible that cloud seeding effects resulting from lightning discharges in the colder
portions of the cloud may play a significant role in cloud microphysical processes.”

In laboratory experiments with a supercooled cloud in a cold box,** it has been
shown that small vegetable or animal fibers, such as lint or a spider web, raised to a
potential of the order of a kilovolt can cause the production of enormous numbers of
tiny ice crystals, again very similar to the seeding effects brought about by dry ice.*?
Extrapolating from such experiments to a thundercloud, it appears reasonable to sup-
pose that such fibers will often be carried into thunderstorms on updrafts and that in
the strong potential gradients of the cloud may give rise to the large-scale production
of ice crystals that will accelerate the glaciation of the cloud.

Other experiments also carried out in the cold box have shown that the growth of
ice crystals in a supercooled cloud is greatly accelerated in the presence of strong elec-
tric fields of the sort that exist in thunderclouds.®® It would appear on the basis of
these findings that the growth of ice crystals in supercooled regions of thunderstorms
may be appreciably speeded up as the result of electrical effects. Work as yet unpub-
lished® has shown that strong electric fields cause small ice crystals in a cloud to line
up end to end and to form long slender ice fibers. Possibly these may play a role in
the microphysics of the thundercloud.

Although the action of electrical forces in thunderstorm electrical fields produces
only negligible distortion in the spherical shape of small cloud droplets, it causes ap-
preciable distortion in the larger falling raindrops. As the electrical forces act on a
drop in opposition to the forces of surface tension, strong electric fields have been
shown to decrease the stability of falling randrops and to accelerate drop breakup.?®
Wind tunnel experiments show that strong electric fields are capable of deforming the
falling raindrop into a teardrop shape and that under some conditions point discharge
can occur from the pointed upper extremity.*

Experiments show that the optical properties of clouds composed of small ice crys-
tals can be markedly affected by electric fields of thunderstorm intensity.”* Normally
small hexagonal ice platelets float in the air with their flat surface perpendicular to
gravity, In strong electric fields, however, dipoles are induced that can align the ice
crystals with their axes many degrees off the vertical direction. As a result, specular
reflection of light from the ice crystals is strongly influenced by electric fields. Because
the upper parts of most thunderstorm clouds are made of ice crystals, it is probable
that they are influenced by the electric fields in the thunderstorm and the rapid changes
in the intensity and direction of the electric field accompanying lightning discharges.
Observations describing sudden changes in the cloud’s appearance that are associated
with lightning discharges may be explained by this phenomenon.'®

Precipitation Formation
One of the possible conclusions that can be drawn from the close association be-
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tween thunderstorm electricity and rain or other precipitation 1s that the falling precip-
tation 1s playing an important role in the electrification process Another conclusion
15 also conceivable, that the electrification process 1s playing a role i the formation
of the precipitation One of the early suggestions that electricity may aid the formation
of rain was offered by Lord Rayleigh “¢ He showed that 1n a small vertical fountamn
water drops that bounce off each other in the absence of an electric field readily coa-
lesce and form bigger droplets 1n the presence of an electric field, even as small as 1
kV m* He pomnted out that because the behavior of a cloud was strongly dependent
on the outcomes of encounters between water droplets, 1t 1s possible that through this
mechanism electric fields may aid in the formation of rain

Electrical forces may be capable of accelerauing the formation of ramn and other
precipitation not only by increasing the probability of coalescence, as suggested by
Lord Rayleigh, but by the action of coulombic forces that cause particles to become
attracted to each other and to experience collisions with each other that would not
otherwise occur Laboratory expeniments,” and theoretical calculations®’ show that
significant increases 1n colliston and coalescence can occur as the result of charges
carried by cloud and precipitation particles or by charges induced on their surfaces as
a result of ambuent electric fields Field observations of precipitation from a thunder-
storm 1n New Mexico indicate a possible enhancement of precipitation growth as the
result of electric fields **

It 1s possible that the intense electrical effects within the thundercloud may have a
sigmficant effect on the chain reaction mechanism of rain formation proposed by
Langmuir *° According to this 1dea, falling raindrops growing by collision and coalesc-
ence with cloud droplets finally become so large that surface tension 1s no longer able
to hold them together When they break up into two or more smaller raindrops, these
in turn grow and subdivide, thus creating large numbers of raindrops by a chain reac-
tron process If electric charges, induced or otherwise, are on the surface of the ram-
drop, they will oppose the forces of surface tension and thus reduce its stability under
the action of aerodynamic forces As a result, it 1s to be expected that m a strongly
electrified storm the time interval required for growth to break up size will be reduced
with a consequent speeding up the cham-reaction drop multiplication process

It has long been observed that a nearby flash of hghtning 1s often followed 1n a few
minutes by a sudden, rather 1ntense downpour Several mechanisms have been pro-
posed to account for this so-called ““ram gush’’ phenomenon One popular explanation
1s that as the intensity of the electric field within the cloud builds up, the electrical
forces acting on charged raindrops become so great that they cease falling and are
levitated ** Then when the hghtning occurs and the electric field 1s neutralized by the
hightning, the rain 1s suddenly allowed to fall and arrives at the Earth as a burst of
heavy precipitation Another possible explanation s that the intense acoustic wave of
thunder produced by the lightning causes the cloud drops to collide and coalesce, lead-
ng to a sudden fall of rain * It has been suggested that the intense electric fields and
the sudden deposition of charge by lightnung greatly accelerate the coalescence proc-
ess ** Radar observations® show that there 1s often only very light precipitation present
before the lightning discharge and that the development of the heavy rain occurs after
the flash The fact that the mntense radar echo from the precipitation forms many
seconds after the lightning ind that the pt i 15 probably caused by elec-
trically accelerated parucle growth rather than by acoustical forces or levitation

Cloud Dynamics

Although coulombic forces may play a significant role in the nteraction of cloud
and precipitation particles, 1t appears very doubtful that they are of importance in the
large-scale motions of the cloud.® Estimates that the electrical component of energy
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of the storm is small compared to its total energy* suggest that the electrical forces are
probably of minor importance. The maximum intensity of large-scale electric fields
within the cloud is limited by the dielectric breakdown strength of air to less than 3 x
10°® kV m™'. The maximum electrical force per unit area that can be exerted by this
field corresponds to a pressure difference of only about 1 mb. Since this is small rela-
tive to the pressure differences to be found in the thunderstorm, it is unlikely that this
is of importance.

While electrical energy probably plays a negligible part in the dynamics of the storm
as a whole, it may be of importance in limited small regions. It has been suggested
that the electrical heating resulting from repeated lightning discharges in the same path
may produce localized regions of very hot air that could be significant in supplying
energy to a tornado.®’

Although electrical forces are probably of negligible importance in the dynamics of
thunderstorms in the atmosphere of the Earth, it is conceivable that they may be far
more important in the much denser atmospheres of other planets, such as Venus and
Jupiter, where lightning has recently been observed.

The electric fields necessary to initiate dielectric breakdown vary directly with the
atmospheric density. It is, therefore, possible that electric fields in these atmospheres
may reach values orders of magnitude greater than on Earth. Because the electrical
energy density and the intensity of electric forces varies as the square of the electric
field, it is possible that the intensity of lightning discharges and the effect of electric
forces may be far greater in these atmospheres than it is on Earth.

Oxides of Nitrogen Production

It has been recognized for over a century that lightning flashes contribute to the
formation of nitrogen oxides in our atmosphere. Other processes as well are known
to produce oxides of nitrogen. For example, they are also released from soils and
generated as a result of the oxidation of ammonia in the atmosphere. In addition,
large quantities of nitrogen oxides also originate from man’s furnaces, internal com-
bustion engines, and industrial processes.

Because of the uncertainties in making reliable measurements of these various
sources, it has been difficult to determine the relative importance of lightning in the
fixation of nitrogen. While some studies®® conclude that lightning does not play a ma-
jor role, others include estimates that its contribution may be as high as 50%. Theo-
retical studies?® and consideration of various aspects of the problem' show that it will
be necessary to learn much more about the physics of lightning and its global occur-

rence before it will be possible to assess accurately its importance as a source of nitro-
gen oxides.
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INTRODUCTION

Atmospherics are generated from vartous electric discharges There are many kinds
of discharge processes of erther natural or artificial origin The famtltar discharge phe-
nomena of natural origmn are hghtning from thunderstorms, dust storms, volcanic
eruptions, tornadoes and so on Of aruificial origin are nuclear detonation and other
small scale man-made machinery such as cars, power lines, etc The most sigmficant
among these 1s ightnung from thunderstorms

The history of lightning research 1s very old and numerous papers on lightning have
been published Lightning has been mnvestigated from both the physical and the elec-
trical-engineering points of view Physicists have been interested mainly in the dis-
charge mechanism of hightning, the spatial and temporal scales of which are exremely
large compared with artificial laboratory discharges Engineers have been interested
primanly in the protection methods from lighting hazard (regardless of the lightning
discharge mechanism), while physicists have done more or less nothing with ightning
protection

For these reasons physicists and engineers have taken different approaches to hight-
ning research Physicists have made research of lightning with regard to thunderstorm-
electricity generation mechanism, while engineers have paid little attention to thunder-
storm clouds Physicists have made measurements of electric and magnetic fields, of
optical, photographic and acoustic features of hghtning discharges to determine the
position and magnitude of charges associated with hightming of both cloud-to-ground
and tracloud discharges, and phystcal properties such as temperature and electron
density of hghtning channel Engineers, on the other hand, have worked to determine
magmtude of lightming currents and their wave-shapes necessary to design lightmng
warning devices such as the lightning counter Physicists tend to be interested tn natural
lightning, lightning which strikes open ground, while engineers tend to be concerned
with rather special lightning, lightning which strikes artificial structures, such tall
buildings as the Empire State Building and tall towers of transmission hnes More and
more importance 1s recognized for such lightning 1n today’s society From the pont
of view of atmospherics, however, such lightning 1s extraordmary We are, therefore,
mostly concerned with natural ightning, hghtning which strikes open ground

Two books on Iightning have been published The title of both books 1s the same,
Lightning One 1s wntten by Martin A Uman’ and the other 1s edited by R H
Golde '* The former 1s based on the physical analysis of hightning, while the latter 1s
based on both the physical and the engeering approaches As both books are care-
fully written and edited and cover most of important features of lightning, there seems
to be very little to add to these comprehensive books of lightning We will therefore,
wn this chapter summarize the recent results of lightning research published mostly 1
1970s and present a general picture of lightning without neglecting the essential mech-
anism and features of lightning

CHARGE STRUCTURE OF THUNDERSTORM AND LIGHTNING

Charge Structure

The thunderstorm electricity consists of two mamn posiive and negative charges with
a small positive charge The upper portion of a thunderstorm cloud 1s filled with the
main positive charge and the lower portion with the main negative charge The small
positive charge 1s surrounded by the negative mam charge near the cloud base We
often call this small positive charge the positive pocket charge (see Figure 1)

Suppose a sign of charge distributes in a spherical fashion The spherical distribution
of charge gives the same electric field in space as does a pomt charge The thunder-
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FIGURE 1. Model charge structure of lightming and thunderstorm
clouds in three different locations. (From Krehbiel, P. R., Brook, M.,
Lhermitle, R. L., and Lennon, C. L., paper presented at the 6th In-
ternational Conference on Atmospheric Electricity, Manchester, July
28 to August 1, 1980. Copyright owned by New Mexico Tech. With
permission.)

storm and lightning charges are often assumed as point charges mainly because of
simplicity. This assumption has been proved adequate to be representative of cloud
charges which are lowered by lightning strokes to ground.?

Neglecting the small positive pocket charge, the two positive and negative point
charges give the superposed effect of electric fields in space. The measurement is made
usually on the ground surface and we will further add the effects of image charges
under the ground surface to match the boundary condition assuming the ground to be
a perfect conductor. Then we have the familiar expression of electric field, E,, on the
ground surface due to the thundercloud charges:

2
20.7Z.
Ez _ 1 Z QiZ; )

e 121 10— x0)? * vy —vo)? 517

where ¢, is the permittivity of free space, Q, is the amount of positive or negative
charge, x,, v, and z, are the position coordinates in space of the positive and negative
charges, and x., y, and z, are the coordinates of the observing station. The electric
field on the ground has only the vertical component and is usually defined downward
as positive. It is easily understood that the right hand side of Equation 1 has eight
unknown variables. This means that if we have eight simultaneous electric fields ob-
served at eight different stations distributed near the position of the charges we can
solve the simultaneous eight equations and estimate the charge amounts and their po-
sitions in the space. If bath magnitudes of positive and negative charges are identical,
then we only need seven-station electric-field measurements. This may apply to the
study of cloud-discharge charge structure. In the case of the ground discharges the
only one sign of charge in the cloud is effectively associated. So we principally need
only four station electric fields to get complete information of ground-discharge charge
Structure,

Applications of this method have been made at different places on the globe. The
most famous measurements were made in New Mexico,**¢ in Florida,** and in Ja-
D:cln-”"” Very recently Krehbiel et al.?* made a very accurate estimation of ground-
discharge associated charge-structure in New Mexico using the least squares fitting
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ground discharge observed at eight sta-
tions simultaneously Total field change
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method which was originally mtroduced by Jacobson and Krider 2® An example of the
simultaneous electric field records from exght stations 1s shown 1n Figure 2 Thus flash
produced s1x major strokes (numbered n the Figure) to ground, the last of which
mtiated a long continting current of 220-msec duration The analyzed results from
four such flashes are shown in Figure 3 This figure shows sources of charge for the
dividual strokes of multiple-stroke flashes to ground The centers of charge for suc-
cessive strokes of each flash developed over large hortzontal distances within the cloud,
up to 8 km, at more or less constant elevation between the — 9 and — 17°C environ-
mental {clear air) temperature levels

Jacobson and Krider® compared the hghtning charges, altitudes, corresponding atl
temperatures, and electric-moment changes in various geographical locations The
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FIGURE 3. Ground stroke charge structure for four flashes to ground. The circles denote the size of
spherical volumes which would have contained the individual stroke charges at a umform density of 20 C/
km?. Arrows indicate charge volumes for the continuing current.(From Krehbiel, P. R., Brook, M., and
McCrory, R. A., J. Geophys. Res., 84, 2432, 1979. With permission.)

summaries of this comparison are given in Table 1, which indicates that the ground
discharge neutralizes cloud charges of —10 to ~40°C in the air temperature range from
—5 to —30° C. Model charge distributions in thunderstorm clouds are given in Figure
1, which was originally sketched by Krehbiel et al.'*? and is modified here. The charge
structure depends primarily on the air temperature.

Lightning Channel Orientation

The orientation of the lowest part of the lightning channe] to Earth can be studied
by photography. The visual portion looks more or less vertical with some sideward
branches. The visible channel is, however, not the entire lightning channel. The chan-
nel inside the cloud cannot be seen. The lightning channel hidden within cloud was
only studied by the electrical method. Such study was made early by Malan and Schon-
land.*'~*> They found that the negative charge lowered to Earth in a flash-to-ground is
distributed in a vertical column extending up to 6 km in length. Hacking'® supported
this result for South African storms as well. Pierce,* using the J-change-slope analysis
(see the discussion on multiple strokes in the section entitled ‘‘Lightning Discharge
Mechanism’’) given by Malan and Sohenland,?* concluded that most return strokes
originated at roughly the same height, i.e., the intervening streamers between succes-
sive return strokes travelled horizontally, suggesting a horizontal distribution of nega-
tive charge.

Using a network of eight field-change recordings simultaneously, Workman et ai.’
concluded that horizontal separation of intracloud discharges was on the average more
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Table 1
LIGHTNING CHARGES, ALTITUDES, AND MOMENT CHANGES IN
VARIOUS GEOGRAPHICAL LOCATIONS

Local terratn  Altitudesabove  Range of air

Geographical height above local terrain temperatures  Moment changes
location Charge (C)  sea level (km) (km) () (C km) Ref
England <11 5—-46 o1 7 -34 33—430 93
England 20 01 2 05 100 {av) 94
England -10—-40 01 45-5 -16—-19 220 (av) 97
England — - - - 150 (av) 44
South Afnca 15 18 3 13 93 (av} 59
South Africa  4— 40 18 25—87 -10—-48 41—495 2
South Africa  — 18 4—85 -7—-38 - 32
New Mexico  -24 (av) 16 47 5—25 — 96
New Mexico  -5— 20 2t 43-72 -3 - 55
New Mexico  -5— 60 18 3—8 -3—36 249 (av) 7
New Mevico  -30— 66 18 45—6 9— 17 — 23
Florida ~10— 40 ] 695 -10— 34 100—600 20
400 (av)
Japan 50— 150 ol 4—38 4—125 - 16
Japan -6—-55 01 6—8 -f1—24 — 7
Japan 20 (av) o1 35—55 3—8 — 67
Hongkong  -25(av) 01 4 -1 210 (av) 91
Australia -17 (median} 01 3 (median) s 150 (av) 30

than three imes greater than the vertical separation Reynolds and Neill,*s i a study
similar to the Workman et al *® study, also found that the negative charges brought to
the Earth 1n successive strokes were displaced horizontally

Ogawa and Brook,*® based on a study of electric field changes measured at two
stations, concluded that the horizontal component of the in-cloud channel of the
ground discharges on the average exceeds the vertical component The negative charge
mvolved 1n hghtning flashes to ground 1s distributed 1n a manner strongly dependent
upon the direction of movement of the storm

A nonelectrical method to determine the hghtning channel orientation was reported
by Teer and Few™ with an analysis of thunder recorded by an array of microphones
Lightning channel reconstructions derived by them indicated that the horizontal hight-
mng structures are persistent and much extended A typical ratio was 3 2 1 of long
horizontal axis to short horizontal axis to vertical axis in their ellhipsoid model of mntra-
cloud hightning and the intracloud portions of ground hghtmng All channels analyzed
by them aligned along the same direction and perpendicular to the direction of storm
motion This observation does not agree with Ogawa and Brook*® who reported that
the mtracloud channel aligned with the direction of storm motion Nakano®’ with the
thunder technique, discussed the relationship between the channel direction and the
storm charactenstics and showed that the ground discharge channe! inside the cloud
tilted to downstream of upper atmospheric wind

Additional observations of the horizontal nature of lightming discharges were made
by using the polarization of the electromagnetic radiation from lightning These results
also indicated horizontal EM field amplitudes several times larger than the vertical ** **
Proctor*® made space-time mapping of lightning discharge processes by using VHF
technique 1 South Africa, and reported that the flash pervaded a volume 3 x 4 X 6
km?. Taylor,” using a similar technique m Flortda showed that most ightming activity
occurred about 5 to 6 km high, near the —10°C temperature level, and considerable
movement of discharge centers occurred as the lightning-processes permeated the thun-
derstorm volume at progression speed of about 50 to 150 km/sec
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FIGURE 4. Schematic presentation of still and time-
resolved lightning discharge to ground. t,=20 msec,
t2 =70 usec, t; =50 msec, t,=1.5 msec and ts = 60 psec.
S: Stepped-leader; R: Return stroke; D: Dart Leader.

The charge structures of lightning are modeled in Figure 1. As described above,
intracloud lightning discharge channel and the portion within the cloud of lightning
channel to ground are considerably inclined: the horizontal extent of the channel is
sometimes more than the vertical extent. Furthermore, the in-cloud part of the ground
discharge may be composed of more than one channel. Such nature of lightning chan-
nel orientation makes modeling of the lightning current and the radiated electric and
magnetic fields complex. No theory may be applicable to the actual lightning current
if such nature is taken into account.

LIGHTNING DISCHARGE MECHANISM

Ground Discharge

Lightning is a transient, high-current electrical discharge, having a path length of
several kilometers. Lightning occurs between a cloud and the ground. This type of
discharge is called cloud-to-ground discharge, or simply ground discharge. Lightning
also occurs between clouds, between a cloud and air, and within clouds. These are
essentially of the same mechanism, so we do not differentiate them in this chapter.
We call them intracloud discharge, or simply cloud discharge. In this subsection we
are concerned only with ground discharge.

Each ground discharge is made up of one or more intermittent partial discharges.
A total lightning discharge whose time duration is about 1/3 sec is called a flash, and
each component discharge whose luminous time duration is measured in tenths of mil-
liseconds is called a stroke. There are usually three or four strokes per flash, the suc-
cessive strokes typically being separated by about 50 msec. Each lightning stroke is
preceded by a barely luminous predischarge, the so-called leader process, which pro-
duces a negatively charged and jonized path between cloud and ground for the return
stroke to follow (see Figure 4).

The leader discharge which precedes the first return stroke is called a stepped-leader
because it moves downward stepwise every about 50 m. There are pauses of about 50
usec between the steps. Typical average velocity of the stepped-leader is 1.5 x 10° m/
sec. It takes about 20 msec to reach the ground from the cloud base of about 3 km
height. During the process about 5 C of negative charge is distributed along the leader
channel and the average current of the order of 100 A flows. The diameter of the
stepped leader channel photographed seems to be 1 m or more but the current flows
in a small conducting arc channel whose diameter is the order of 1 cm. The portion
that looked luminous in the photograph is considered as the corona sheath which en-
velopes the high conducting channel.

The stepped-leader brings down toward the ground high negative potential from the
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cloud the stepped-leader arc channel 1s a goad conductor and 1s a tugh negatwve poten-
tal column When the stepped-leader 1s within a distance of about a few tens of meters
from the ground surface, a very strong electric field 1s produced between the leader
up and the ground Then an electrical breakdown occurs between the leader tip and
the ground A positive streamer propagates up toward the leader tip from a raised
pomnt on the ground surface When the streamer touches the downward coming
stepped-leader tip, the potential of the bottom of the leader channel 15 raised to that
of the Earth, rest of the leader channel remamning at the high negative potential There
the first return strohe begins The wavefront of 10n1zing potential waves drived by the
strong clectric field carries the potennial of the Earth along the channel already made
by the preceding stepped-leader This wavefront propagates at a velocity of % to
1710 the speed of hght The velocity decreases every time the wavefront traverses the
channel branches It attains the cloud base mn about 70 usec The return stroke dis-
charges to the ground the negative charge which 1s distnibuted n the stepped-leader
channel A large amount of current flows between the front and the ground and 1t
reaches typically 20 kA within a few microseconds, then decreases to haif the peak
value within 40 to 50 psec Then the current of the order of a few hundred amperes
flows continuously for several milhiseconds

The imtial gas density 1n the return stroke channel 1s the same as the gas density of
the leader channel, while the temperature 1s raised very high due to the high energy
carried by the return stroke current, and 1t becomes much hugher than that 1n the leader
channel Then gas pressure of the stroke channel exceeds the pressure of surrounding
air, and as a result the channel will expand This expansion 1s made at supersonic
velocity and generates the cylindrical shock-wave making thunder This phase lasts
about 5 to 10 usec The gas density of the current channel decreases as the shock wave
propagates outward the channel In the later phase of the shock wave the channel
temperature observed from the optical spectrum 1s near 30,000 K After completion
of the shock-wave phase due to the channel expansion, the high-temperature low-den-
sity channel approaches, in microseconds or a few tens of microseconds, a state of
approximate pressure equihbrium with the surrounding air, and the current density in
the channel stabilizes at about 1 kA/cm® At this time the diameter of the channel will
be approximately a few centimeters

After the current stopped, 1f there are stll negative charges in the cloud region near
the old channel top, the next stroke may occur Such type of hghtning discharge 1s
cailed multiple-stroke flash If a new charge 1s transferred from the negative charge
region to the previous return-siroke channel, within about 100 msec by the small dis-
charge (called K streamer), then the next high speed leader (called dart leader) runs
down The dart leader recreates 1onization of the channel and draws the cloud potentsal
toward the ground again Thus, a second or later return stroke occurs In the dart
leader a luninous portion of about 50 m in length runs toward the ground surface at
the speed of about 2 x 10 m/sec The dart leader that precedes subsequent strokes
carrics less charges than the stepped leader The dart leader current s of the order of
L LA The subsequent return stroke velocity 1s relatively constant with herght

There are other tvpes of discharges which occur 1n less common circumstances
Thosecare

1 Positive downward leader followed by the negative upward return strokes — this
type of discharge often happens in the winter thunderstorm 1 which the cloud
charge distnibution 1s largely shifted from the vertical

Positve upward leader from the tall structure followed by the negative downward
return stroke — as the height of structure increases the proportion of producing
upward discharge increases, having more probability with the height of 100 m

o
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FIGURE 5. Electric field changes observed with fast antenna (upper portion) and slow antenna
(lower portion) at an intermediate distance approximately 8 km from the lightning discharge to
ground.

or more:* the leader which is initiated from towers is not necessarily followed
by the return stroke while the subsequent downward leaders are followed by the
subsequent return strokes.

3.  Negative upward leader followed by the downward positive return stroke — this
type of discharge is initiated from an object on Earth under a cloud portion of
positive charges.

Discussion on Multiple Strokes

Lightning discharge processes have been studied by electric field measurements in
which both the slow and fast antennas have been used to be very useful in providing
the microscopic view of discharges.??

In Figure 5 are shown the electric field changes simultaneously measured with the
slow antenna (upper portion) and the fast antenna (lower portion) for a ground dis-
charge which occurred at the intermediate distance, approximately 8 km from the light-~
ning discharge. Small impulsive discharges which occur in the return stroke intervals
are called K change. The K change and the dart leader show positive field change in
the first half period of whole discharge duration and then change sign from positive
to negative almost simuitaneously. It is suggested from this example that the K change
and the dart leader are initiated at the same height suggesting that the K change and
the dart leader are of similar character.

The discharge process between successive return strokes is called the Junction proc-
ess or simply the J process. The slope of the electric field during the period of this
process is negative for near storms and positive or zero for distant storms. When the
storm is in the intermediate distance (6 to 10 km from the observing station), the elec-
tric field changes its slope from positive to negative as the order of strokes increases.
The discharge channel length apparently increases upward with the stroke order. Based
on these observational facts, Malan and Schonland*-*? concluded that the positive
streamer proceeds upward during the return stroke intervals from the cloud base to-
ward the top of the negatively charged column in the cloud. The stroke multiplicity of
the ground discharge was thus interpreted by this positive junction streamer theory.

Kitagawa and Brook?? found that the later half portion of the cloud discharge is the
same as the J process in the ground discharge and is essentially the integrated effect
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of K field changes Ogawa and Brook™ mvestigated the cloud discharge mechamsm
and concluded that the K change in the cloud discharge 1s duc to the upward negatne
recol current to the trunk channel from the tip of the imtial downward posttive
streamer channel

Suppose a negative electric dipole moment, —M, at the position in the cloud where
K change occurs m the ground discharge The electric field change at the ground sur-
face, AE, produced by a disappearance of this dipole moment 1s given by

At = M(1 - 3sn?0)/2ne, L2

or

AF = M(1 - 351n%8) cos*0/2ne, D? @)

where L 1s the distance of the dipole to the observation point and cosé = D/L, D1s
the horizontal distance It 1s clear from Equation 2 that AE changes its sign at 8 =
si'(1/3)2 = 35° 16'from positive to negative as 8 increases at a fixed horizontal
distance Consequently the effective electric field in the J period changes its slope from
positive to negative This feature is just identical with the expected from the positive
J-streamer theory by Malan and Schonland,’ ** but the physical meaning s different
1t will be suggested from the above discussion that the J process between strokes 1s no
more the process of junction streamer which proceeds upward because production of
the K change 1n the J period requires a discharge channel already made Toward the
end the positive upward streamer in the return stroke 1s to make a new channel 1n the
negative fresh charge regton i the cloud Sometimes this posiwve upward streamer
appears as a continuing current

The continuing current was nvestigated n detail by Brook ct al 7 They discussed
the lumtnous portion which lasts more than 40 msec after the return stroke, and attnb-
uted 1t to the continmng current flowing from the ground to the cloud portion of
concentrated negative charges [t 1s however tentative that the lowest hmit of the du-
ration of the continuing current was defined as 40 msec There are continuing lum-
nastties of the duration sharter than 40 asee The same amount of cucrent of the arder
of 100 A flows during the periods as well In the ground discharge without continuing
current the positive streamers progress into the new negauve charge region withm a
few mulliseconds and the channels thus made are readily followed by the K changes
from the tip of the channel A large K change appears as the next dart leader

In the above subsections we have briefly discussed the discharge processes 1 the
ground discharge but details are still not very well understiood The numerical data on
ground discharge parameters are histed in Table 2, which was onginally compiled by
Uman’® and 1s modified with the data by Cianos and Pierce® and the Japanese data
collected by Ikeda and Sumi *®

Cloud Discharge

It 15 difficult to describe 2 common knowledge of cloud discharge, because the study
of the cloud discharge has been much behind compared with that of the ground dis-
charge Although more than half of all lightrung flashes occur within clouds, the cloud
discharges have been almost an 1gnored subject i the long history of lightmng re-
search, and therefore, there are very few data accumulated on the cloud discharge to
date It 15, however, mmportant from the point of view of atmospherics because the
cloud discharge produces atmospherics as well as the ground discharge

The cloud discharge occurs withmn clouds, illummating the whole clouds Duration
of the cloud flash 1s about the same as the ground discharge, about half a second The
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Table 2
NUMERICAL DATA FOR GROUND DISCHARGE
Parameter Minimum Typical Maximum

Stepped leader

Length of step, m 3 50 200

Time interval between steps, usec 30 50 125

Average velocity of propagation of stepped leader, 1.0 > 10° 1.5>10° 2.6>10*

m/sec

Charge deposited on stepped-leader channel, C 3 5 20
Dart leader

Velocity of propagation, m/sec 1.0x10* 2.0> 10" 21> 107

Charge deposited on dart-leader channel, C 0.2 1 6
Return stroke

Velocity of propagation, m/sec 2.0~ 107 5.0~ 107 2.0~ 10°

Current rate of increase, kA/usec 1 10 210

Time to peak current, psec 0.5 2 30

Pealk current, kA 1 20 230

Time to half of peak current, usec 10 30 250

Charge transferred excluding continuing current, C 0.2 2.5 20

Temperature, K 0.8 10* 210 3.6x10°

Electron density, m™* 1~ 10" 3x 107 3= 10

Channel length, km 2 5 14
Continuing current

Duration of continuing current, msec 50 150 500

Peak continuing current, A 30 150 1600

Charge in continuing current, C 3 25 330
Lightning flash

Number of strokes per flash 1 3 26

Time interval between strokes in absence of continuing 3 50 380

current, msec
Time duration of flash, sec 0.01 0.3 2
Charge transferred including continuing current, C 1 20 400

discharge path is not usually seen but sometimes comes out between portions of clouds.
This type of discharge is called the intercloud or cloud-to-cloud discharge. The dis-
charge path sometimes comes outside the cloud, probably toward the transparent
space-charge accumulated region around the cloud. This type of discharge is called the
air discharge. These two types of discharges present chances to see details of cloud
discharge channels. As these two kinds of discharges may be produced by the same
mechanism as the cloud discharge, we can investigate the discharge mechanism of
cloud discharge using the photographs and simultaneous measurements of electric
fields on the ground surface. This was done by Ogawa and Brook,*® and the mecha-
nism of the cloud discharge was barely unveiled.

The cloud discharge initiates with the slow positive streamer from the upper portion
of the boundary region between positive and negative charges in the cloud. This initial
streamer extends downward as well as horizontally. The streamer has the velocity of
the order of 10° m/sec, and continues for about half the total duration; about 250
msec. The current of the streamer is of the order of 100 A. The streamer distributes
positive charges along the path. When the streamer reaches the space-charge concen-
trated region of opposite sign, the recoil streamer runs back along the already made
channel by the previous positive streamer and neutralizes the distributed positive
charges. The electric field produced by this recoil streamer is called K change. The K
change has the speed of the order of 10* m/sec and neutralizes the charge of about 1
C. As the duration of the K change is about 1 msec, the corresponding current is the
order of 1 kA. Recognizable K changes in the electric field record repeat the order of
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FIGURE 6 Types of eleciric field changes
1 cloud discharges observed near (approxi-
mately 4 to 7 km), miermediate (6 to 9 km)
and distant (2~10 km) from the cloud dis-
charges The maumum field change ampli-
tude 1s about 700 v/m for near discharges and
200 v/m for distant discharges

ten times durng the latter half of the total duration A time series of cloud discharge
field change data from an isolated thunderstorm 1s shown in Figure 6 where the field
changes are classified into three groups for near, intermediate, and distant flashes
The field changes show different curves from each other group From an analysts of
these field-change data Ogawa and Brook® concluded that the cloud discharge 1s the
combination of the initial positive streamer process and the series of recoil-current K-
change process Detailed exammation of the time-resolved photograph of the cloud-
to-air discharge channel shows that each branched channel has few streaks parallel to
the channel The relative brightness of the streaks offered an evidence that the K
streamer starts the end point of the branched streamer and recoils back toward the
main trunk of the imial streamer This process repeats few times from each branch
tps The speed of the K streamer 1s the same as that of the dart leader 1n the ground
discharge

The iitial streamer goes sometimes upward from the lower negative-charge cloud
portion toward the upper positive charge This was reported by Smuth®* with two-sta-
tion electric-field measurements Takagi’s* statistical result agrees with Ogawa and
Brook's* result These contradictory results and sull not-clear mechanism of K change
initiation offer a future interesting field of nvestigation. The numerical data collected
by Brook and Ogawa® are listed 1n Table 3 with references

EXPERIMENTAL MODEL OF LIGHTNING PARAMETERS

Cumulative Frequency Distnibution
There are many hghtming parameters which characterize the properties of lightning
discharges to the ground The parameters often referred to are number of return
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Table 3
NUMERICAL DATA FOR CLOUD DISCHARGE
Total Initial
discharge streamer Kchange Ref.

Charge 32 95
(&) 21 55
90 16
32 0 47 19
15 92
10 51
30 1-4 39

3327 Average value
Moment 70 95
(C km) 21 55
81 44
20 72
200 92
100 30
120 36 39

87+ 62 Average value
Height 5 8—417 95
(km) 5-8—5-2 96
5-5—5-1 55
10—6 16
6 72
(7—11)—(3—6) 66
8-2—4 8 92
S 75
6-0—4 0 5$3—-40 39
Duration <1 22
{msec) 500 250 39
Speed 5%x10* (3~—4)x10¢ 19
(m/sec) 10¢ 10¢ 66
8x10° 1-3x10° 39
Current 100(max) 30
(A) 120 1,400 39

strokes per flash (N), duration of flash (Tg), return stroke intervals (Ts), return stroke
peak current (Ip), charge quantity per flash (Cg), charge quantity per stroke (Cs), time
to peak current (Tp), rate of current rise (It), time to current half-value (Th), duration
of continuing current (Tc), continuing current (Ic), charge in continuing current (Cc),
etc. Such lightning discharge parameters vary over a wide range like most of other
geophysical parameters.

Most of the instruments which enable us to collect such data have been designed so
as to measure an average or a moderate picture of lightning quantity. As a result, the
extreme values in both larger and smaller regions have often been cut out from the
data obtained. Giant lightning was often over-scaled in the data and minor lightning
was usually neglected in analysis. It is necessary to remember, therefore, that the light-
ning picture available in the literature is representative usually of moderate lightning
characteristics and not necessarily of all lightning.

The probability of occurrence of these parameters is often statistically given by the
log-normal form. The log-normal distribution is a normal distribution in which the
variables are given by logarithm, and probability density function P(log y) is given by

log x—1 2
Plog ) = —L— exp [_ <_g\.2_ﬁi] @
27
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Table 4
STATISTICAL DISTRIBUTIONS FOR LIGHTNING
PARAMETERS
Occurrence %o

Parameter 2 10 50 90 98
Duration of flash(Tg) msec 850 480 180 68 36
Return stroke interval{Ts) msec 320 170 60 20 11
Return stroke peak current(Ip) kA 140 65 20 62 31
Charge quantity per flash(Cg) C 200 75 15 217 1
Time to peak current{Tp), psec 12 58 18 066 025
Rates of current rise(lt) KA/psec 100 58 22 95 55
Time ta curcent half value(Thy, psec 170 100 45 17 105
Duration of continuing current{Tc) mser 400 260 160 84 58
Continung current(lc) A 520 310 140 60 33
Charge in continuing current(Ce), C 110 64 26 12 7
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FIGURE 7  Model of hightrung parameters, du-
ravon of flash (Tg), return stroke intervals {(Ts), return stroke
peak current (Ip), charge quantity per flash (Cg), charge quan
tity per stroke (Cs), ime to peak current (Tp), rate of current
rise (It), ume to current half-value (Th), duration of continuing
current (Tc), continuing current (Ic) and charge in contimung
cursent (Ce)

where o 15 the log of the standard deviation relative to the median value m The log-
normal distribution 1s to be expected for any process that consists of a number of
tndependent contnbuting factors

Cianos and Pierce® have collected data for hightming parameters and made statsstical
model distributions of these parameters The model values are tabulated n Table 4
where the values of the parameters for cumulative frequencies at 2%, 10%, 50%, 90%,
and 98% are given These values are shown in Figure 7 where cumulative frequency
distnibutions of all parameters are plotted together.
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Table 5
LIGHTNING RETURN STROKE
VELOCITY
Number of Mean velocity Velocity range
strokes x10®* m/sec x10% m/sec Ref.

27 0.47 0.20—1.1 62
63

20 0.62 0.30—0.85 34
— 1.0 — 53
18 — 0.5—-2.0 56

8 0.81 0.58—1.2 4

4 1.3 {.2—1.4 99

The parameter with the largest range of distribution is the charge quantity per flash
(Cg) and the parameter with the smallest range of distribution is the duration of the
continuing current (Tc). The rest of parameters are divided into two groups. The return
stroke peak current (Ip), the time to peak current (Tp), the return stroke intervals (Ts),
and the flash duration (Tg) are of a group of larger range of distribution, while the
rate of current rise (It), the time to current half-value (Th), the charge in continuing
current (Cc) and the peak continuing current (Ic) are of another group of smaller range
of distribution.

The lightning return stroke velocity is another important parameter for modeling of
lightning current. Boyle and Orville* measured two-dimensional return stroke velocities
within 1 km from the ground using a multislit channel isolator with narrow vertical
and wide horizontal fields of view on a high-speed streaking camera. Measurements
of 12 strokes in three multistroke flashes yielded return stroke velocities which range
from 2.0 x 107 to 1.2 x 10® m/sec with an estimated systematic error of 30 to 60%.
Velocities in one multistroke flash vary by a factor of 4 between the lowest and highest
values. Radda and Krider’s®? results, on the other hand, indicate the narrow range of
return stroke velocities, the mean vertical speed near the ground level being 10°® m/sec
for all strokes estimated.

Subsequent return stroke velocities are collected from the literature by Lin et al.?”
They are listed in Table 5, in which the values range from 2.0 x 10° to 2.0 x 10°®* m/
sec, an order of magnitude variation.

Latitude Dependence

Thunderstorms are produced frequently in tropical latitudes but produced also in
temperate and higher latitudes. Thunderstorms are not only produced frequently over
mountainous lands but are also produced over the ocean. Thunderstorms are produced
most frequently in summer, but are also produced in spring and autumn as well as in
winter. All these thunderstorms have their own characteristics depending on such var-
ious geographical locations and meteorological and seasonal circumstances.

The characteristics of lightning which is produced in the thunderstorms, therefore,
are reasonable to be dependent on many of such spatial and temporal factors. It is
necessary to take these factors irito account in modeling of lightning but no precise
data are collected yet. Among these factors some discussions have been made on lati-
tude dependence for some parameters.

Prentice and Mackerras*® collected the observations of the ratio of cloud lightning
flashes to ground flashes and obtained an empirical relationship between this ratio (2)
and latitude (). The 29 observations, covering a latitude range 69°N to 37°S, gave a
mean value of z of 3.35. The empirical relationship proposed between z and 1 is
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FIGURE 8 Geographic latitude distribution of the pro
portion of ground discharge 1n all lightmng discharges
Data are from Table | 1n Prentice and Mackerras ¢ The
sohd line 1s the regression hine to fit the data The curve
fitted 1o the different set of data by Pierce® 1» shown by
dashed curve for companson

z(A} = 416 + 216cos 3x 0 < A < 607 4

The relationship between z and i was mnterpreted by probable dependence on the varr-
atton of freezing level height with latitude, the lower the freezing level i the higher
latitudes, the larger the probabuility of occurrence of discharges to ground

Percentage of occurrence of ground discharge of all hghtning flashes (P} can be
calculated from the values of ratio z, and the result ts given mn Figure 8 where the
regression hine 1s given by

P = 1065+ 0432 )

Pierce*s obtained the different form of relatton from a different set of data which he

had collected
P=10 [1 + (%)’] ®

Equation 6 15 also plotted 1n Figure 8 for comparison with Equation §

Thomson™ examined the latitude dependence of the number of strokes per lightning
flash to ground by statistical analysis from data published so far Thomson™ con-
cluded that the distribution of the parameter 1s more sensitive to local influences, -
cluding measurement and sampling techniques, than it 1s to latitude effect This sug-
gests that the hightming characteristics depend on many elements and 1t 15 difficult to
detect the dependency on any one of these elements Nevertheless the data collected
by Thomson™ are very informative and we plotted the mean number of strokes per
flash (N} with lattude 1in Figure 9 If we neglect a point at 1=34° in Figure 9 there
seems to be a clear dependence The regression hine relating Nto A1s

N = 364-001n [0}

Temperature and Electron Density
Determination of temperature and electron density of the hghtning channel 15 1m-
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FIGURE 10. Comparison of the measured and calculated
line profiles for He in lightning stroke. Theoretical profiles are
given for three electron densities at 2 » 10* K (From Uman, M.
A. and Orville, R. E., J. Geophys. Res., 69, 5151, 1964. With
permission.)

portant for discussing the discharge mechanism. They can be determined by the optical
spectrum analysis The spectroscopic study of lightning has been done since more than
a century ago but the lightning spectra obtained before 1960 gave only the time inte-
grated effect of whole lightning. Since Salanave®” succeeded in having separate spectra
for each stroke, Salanave et al.,*® Krider,?* Orville,*' etc., developed their own spec-
trometers and obtained much data of lightning channels. These data have enabled us
to study physical properties of the lightning channel.

Before using this technique the opacity and the LTE (local thermodynamic equilib-
rium) of the channel should be examined. Uman and Orville®® proved by examining
the strength ratio of multiple spectral lines of singly ionized nitrogen (NII) that the
lightning channel is optically thin, and that the channel is not in the perfect LTE but
the temperature which would be obtained by this technique will represent approxi-
mately the actual temperature. If the temperature is known, the electron density of
the channel will be determined by using the Saha equation. If the temperature and the
electron density are known, the electrical conductivity of the channel can be calculated.
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FIGURE Il Return stroke temperatuse as a function
of ume for two strokes Horizontat dashed lines indicate
the tume resolution vertical bars the error imits (From
Onvilie, R E J Atmos Scr,25, 852, 1968 With per
missson )

Using these techniques Prueitts? obtamed the channel average temperature of 24,000
to 28,000 K Uman et al * * obtaned the channel electron density of 3 x 10*/m® The
electrical conductivity of the channet calenlated by Uman™ was 1 8 % 104/Q/m

Uman and Orville® determined the electron density by using Stark broadening of
spectral line of H. 1n Balmar series The result 1s shown in Figure 10 where the expen-
mental Tesult agrees very well with the theorencal result From these results obtamed
for three return strokes the electron density was determuned to be 1 x 10%-5 x 10%/
m’ These values are more reliable than the value obtained by using the Saha equation

Orville”? obtained the time vanation of temperature for the return stroke with the
time-resolved spectrum In Figure 11 are shown the results of average temperature for
5 usec in which the exposure was made Typrcal maximum temperature 1s about 30,000
K The temperatuse seaches maximum within witial 10 psec and decreases steadsly
thereafter

Orville*? also estimated the channel electron density as a function of time calculated
from the measured haif width of H, lime The result 1s shown in Figure 12 The electron
density was of the order of 10%/m? in the mutial 5 usec of the return stroke and de-
creased to 1 x 10**/m* during the next 25 usec, then 1t stayed at rather constant value
during next 50 psec after which the temperature decreased

If the channel temperature and the electron density are known as functions of ume
as 1 above, then pressure and other properbies of the channel can be calculated Or-
ville*? showed that the channel pressure will be of the order of 10 at at the temperature
of 30,000 K and the electron density of 10**/m?® As the channel pressure exceeds that
of the surrounding air, the channel expands until the pressure equilibrium will attain
It will be suggested 1n Figure 12 that the channel pressure approaches to the atmos-
pheric pressure in about 20 psec

As described above most lightning flashes consist of more than one stroke In order
for the second and later discharges to progress along the same channel as the first
strohe channel, 1t needs to heep the preceding channel n a state of relatively high
1omization during several tens of milhiseconds before the next dart leader starts Brook
et al ” discussed a possibility of the order of 10A of the current flowimng during that
period keeping the channel conductive. McCann,*® on the other hand, reported that
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FIGURE 12. Return stroke electron density as
a function of time calculated from the measured
half width of He line (From Onille, R. E., J.
Atmos. Sci., 25, 852, 1968. With permission.)

the amount of current during the period between strokes is less than 0.1 A. Loeb®
suggested the ionization wave due to K change which cannot be seen in the photograph.

Apart from these estimations Uman and Voshall®® calculated the cooling rate of the
channel in the case without energy input; they calculated temperature decay as a heat
transfer problem. They solved the following four equations simultaneously: (1) the
energy balance equation, (2) the momentum transfer equation, (3) the mass conserva-
tion equation, and (4) the equation of state. They assumed that these four equations
hold in the discharge channel as well as in the surrounding air.

An example of the calculated results is shown in Figure 13. Assuming the initial
temperature of 8000 K at the moment when the return stroke current stopped, the
temperature at the center of the channel is shown taking the channel radius as a param-
eter. The calculated temperature does not decrease so much during the average dura-
tion of about 40 msec between successive strokes. At 4000 K the electron density and
the conductivity of dry air are 10**/m?® and about 1/9Q/m, respectively, then the air
will be conductive.

At 2000 K the electron density is 10**/m? and the conductivity is 10*/Q/m, then the
air will be nonconductive.’® The channel at the temperature between 2000 K and 4000
K as shown in Figure 13, therefore, is in a state between good conductor and insulator,
but will be conductive enough to draw the next dart leader.

Diameter of Lightning Channel

Measurements of the lightning return-stroke channel diameter have been made in
basically two ways, (1) from measurements of channel images in photographs and (2)
from measurements of the size of the region of interaction of lightning and material
objects. Besides these, theoretical calculations of the return stroke parameters lead to
estimates of the current-carrying core of the channel.

Estimated results were summarized by Orville et al.** and listed in Table 6, which
shows that the luminous diameter of the channel is the order of 10 cm while the current
flowing diameter is the order of 1 cm.
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FIGURE 13 Decay of the central temperature for return stroke channet radu of
1,2,4 and 8 cm The snitial central temperature 1s 8 X 10* k (From Uman, M A
and Voshall, R E , J Geophys Res,73,497, 1968 With permussion )

Table 6
DIAMETER OF THE LIGHTNING RETURN
STROKE CHANNEL

Method of determination Diameter (cm) Ref
Photographic 15—23 60
Photographic 3—12 12
Photographic 6—7 43
Fulgurites in sand <5 61
Fulgamites 003—0 52 17
Holes in fiberglass bonnets 02—05,2-35 77
Tree trunk damage 005—03,1—-8 73
Discharge craters i alumimum 01—-03 21
Spark discharge model 03—2 5
Electrical carcust models 01-—8 38
Temperature decaying model 05-25§ 84
Spark discharge modet 033—-176 47

MODELING OF LIGHTNING RETURN STROKE

Bruce-Golde and Transmission Line Models

If the spatial distnibutions and temporal vaniations of the currents energizing the
lightning channel were known, then the electric and magnetic fields radiated from the
channel can be calculated as a function of tme Then the temporal vanations of fields
can be transformed nto amplitude and phase spectra by Fourter transform An ex-
ample of observed time profiles of hightning return-stroke currents for three strokes
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FIGURE 14, Lightning return stroke currents for three strokes
observed in South Africa (From L, Y. T., Uman, M. A, and
Standler, R. B., J. Geophys. Res., 85, 1571, 1981 With permis-
siorn.)

obtained in South Africa'' is shown in Figure 14.?” The first and second stroke mag-
nitudes are unusually large, but the wave shapes of all three strokes are typical. The
spatial distribution of the current along the channel, however, is not yet precisely
known.

The first successful lightning return-stroke model was given by Bruce and Golde®
who suggested a double exponential expression of the form:

It - Io (e—'O[t —_ e——ﬁt) (8)

The current is instantaneously uniform from ground to the return stroke tip. This tip
ascends at the velocity of v, Then the current moment at a time t is given considering
the image current by 21, f ,vdt, from which the radiated fields can be calculated.
Bruce and Golde,® based 0n the direct experimental measurements at the ground end
of the channel, found the average values of 1,, « and f3 to be about 30 kA, 4.4 x 10*
s and 4.6 x 105s7%, respectively. The first return stroke velocity was represented from
the photographic data by

v = vy et (€))

where v, is 8 x 107 m/sec and n is 3 x 10%™". The velocity for subsequent strokes in a
multiple flash is relatively constant. As the peak current for the subsequent strokes is

about half that of the first return stroke, thus an average current model for the subse-
quent strokes is given by

Iy

I, = =2 (c—ot _o—ft) (10)
2
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Pierce** gave the model values of these parameters as a = 2 x 107, § = 2x 105%™, |,
= 20kA, v, = 10°m/s, andn = 3x 10'%™

The double exponential expression of the hightning current given by Equation 8 can
be interpreted as follows 5* Suppose the stepped leader channel 1s charged with an
amount of charge Q A fraction of « of this charge 1s removed at the return stroke tip
in unit time

dQ = —aQdt an

where a depends on the charge denstty and the channel dimension The solution to
Equation 11 1s

Q = Qe a2)

where Q, 1s the total charge deposited n the stepped-leader channel at t = 0 The
charge flowing down from the cloud would not stop after the imtiation of return
stroke This charge also contributes to the hghtnig current at the return stroke tip
The decay of this charge 1s

Q) = Q) eft a3
The total change rate of charge at the tip of the return stroke channel 1s given by

d
= 5 Q)= Qe - Qg (14)

I, = 0att = 0, then
Ty = 1, (=0t —e5) as)

wherel, = Q.0 = Q.8

Calculating the hghtning currents using Equations 8 and 10 they become smali for
times larger than a few hundred microseconds, that 1s, the currents are much less than
1 kA In practice, a current of the order of 1 kA or so usually flows for a few milli-
seconds Cianos and Pierce® suggested the intermediate current of another double ex-
ponental form

Iy = 1, (=7t —e=51) a6)

where I, = 2 kA, y = 10%™ and d = 10%™' The resultant current models for the
first and subsequent return strokes are then, respectively,

To {e=at —e=Ft) 4 1 (e 7t — e=51) an
and

I
Sl e a g e ety as

Equations 17 and 18 are calculated for I, = 20 kA and I, = 2 kA and the results are
shown in Figure 15

The magnitude of the continuing current, I, 1s nearly constant, flowing for a dura-
uon, T. I 1s generally about 150 A, and T. 1s about 150 msec When a contimnng
current phase follows a return stroke, the total current model will be given by adding
1. to either Equation 17 or 18
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FIGURE 15. First and subsequent
return stroke currents with time cal-
culated by adding the intermediate
current from Equations 17 and 18.

The charge transfer can easily be obtained by integrating the equations for each of
the currents above, and are given as follows: For the first return stroke

g—~a
:Io 19
Or (QB ) 4

For the subsequent return strokes

I -
Qsgr = 70 (ﬁaﬁ a) @

For the intermediate current

5 —
QI = Loj ( 767> @b

For the continuing current
QC = I.T. 22

For the numerical values of the constants given by Cianos and Pierce® the respective
transferred charges are Qr= 1.0 C, Qsz= 0.5 C, Q,= 1.8 C and Qc= 22.5 C. The
charge transfer by the complete first and subsequent return strokes without continuing
current are thus 2.8 C and 2.3 C. When the return strokes are followed by the contin-
uing current, the complete charges transferred by the first and subsequent return
strokes are 23.5 C and 23 C, respectively. These values are in good agreement with
experimental values.

In the Bruce-Golde model, the return stroke current at any given time is assumed to
be uniform with height below the return stroke wavefront and zero above. The current
in the channel below the wavefront is identical to the current at ground level:

I(z,1) = 1(O,1) z <
(23)

Izt =0 2> 2

As the return stroke propagates upward for times after the current peak is reached,
the current in the channel decreases. As a result, the Bruce-Golde type return stroke
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FIGURE 16 Relurn stroke current distributions for the Bruce
Galde and transmission line models (From Lin, Y T Uman, M A,
and Standier R B J Geophvs Res 85 1571 1980 With permis
sion )

fowers charge from the channel to ground, charge oniginally stored 1n the corona en-
velope of the leader The current that characterizes the Bruce-Golde model 1s schemat-
ically shown in Figure 16 *7

The Bruce-Golde model has been much used for analytical computations  However,
1t 1s not physically reasonable for the return stroke current to be umform instanta-
neously with altiude Denmis and Pierce'® modified the Bruce-Golde model to correct
this deficiency  They suggested that the current wave travels up the channel with a
veloeity which is not larger than the velocity of the Bruce-Golde model This concept
of a traveling wave of current regards the channel as a quasi-transmission line which
1s charged by the preceding leader process and then discharged by the return stroke.

In this transmission line model the current waveform at ground level 1s assumed to
propagate up the channel as 1t would propagate along an 1deal transmission line

Uzt = 1t —-zjv) z<e
24
Izt) = 0 z 2

where the return stroke velocity v 1s assumed constant Because the transmussion linc
model requires the same current to propagate across any height of the channel, as
schematically shown n Figure 16, no leader corona charge can be removed from the
return stroke channel during the return-stroke propagation time, charge being only
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FIGURE 17. Geometry of an idealized hght-
ning return stroke channel.

transferred from the top to the bottom of the channel. This transmission-line return-
stroke model has been widely used by Uman and co-workers,?® %' #°°° Leise and Tay-
lor,?s and Price and Pierce® to find a typical current wave shape and return stroke
velocity from the measured electric and magnetic fields produced by lightning within
about 200 km. If this approach proves to be valuable, it will enable us to study the
characteristics of ‘‘normal’’ lightning in different geographical locations and under a
variety of meteorological conditions. Here the «normal’’ lightning does not necessarily
discharge to the special instrumented tower but discharge to any natural land.

Electromagnetic Radiation

Uman and co-workers?? 28 35 79-81 85 88 have developed a general theory of the electro-
magnetic radiation from a finite-length antenna which is regarded as an assumed light-
ning channel, and applied it to a large amount of experimental data. It is very instruc-
tive to follow closely with their theory.®

Consider a straight vertical antenna of height H above a perfectly conducting ground
plane as an idealized lightning channel. Geometry of the antenna with self-explanatary
notations is shown in Figure 17. Boundary conditions at the plane are satisfied by
adding the image antenna shown dashed in Figure 17. The radius of the antenna cross-
section is assumed to be very small compared with the wavelength of any radiation
under consideration. The current at any height is assumed to be some arbitrary contin-
uous function, i(z,t), which is zero everywhereatt = 0.

Consider an infinitesimal vertical current dipole of length dz having a current i(z,t)
on the antenna as shown in Figure 17. The electric and magnetic fields at an observa-
tion point on the plane a horizontal distance D from the antenna base are the sum of
the fields from the real and image dipoles.

The differential magnetic flux density dB of the dipole can be determined from the
differential retarded vector potential dA, i.e.

dB = V X dA 25)
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As the assumed current has only vertical component, the differential vector potential
1n Equation 25 has only a z-component, which 1s given by

da,

= Lo 1zt Ri) ";R’” az 6

z am

where y, 15 permeability of space and c 1s the velocity of light If we use a spherical
coordinate system with an ongin at the dipole, then

= [1(2 t- R0 q, 1(1,‘—R/C)—sleze] e @

where ag, a, and a, (in Equation 28) are the unit vectors sketched 1 Figure 17 Evalu-
ating the curl grves

d —R
Uxda - u, 2 [;Lnd Azt /c)

R aR
(28)
4 smo
— izt - R/c)]
Converting the space dertvatives to time derivatives
Bilzt — Rje) _ _l 3zt —Ri)
arR < 3t @9
we have
4B = Iladz ano [1(1,!— R/c)
B o
[€]0]

1 3i(zt— R/

® o ]h

The differential magnetic induction from the image dipole can be calculated 1n the
same way with replacing 8 by n — 8 Then total magnetic induction at the observation
pont can be calculated by adding the both effects from the actual and image dipoles
The resultant magnetic induction 1s 1n the A direction,

+

8y ) = 0 g [ 20 =10
R

[€3Y]

L1 mei— R/c)]
<R 3

The electric field 1s given in terms of retarded scalar and vector potentials as

A
F=-V¢p-_=
at S
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where the scalar potential is given by

t
6R1) = —c’_" V-Adr (33
0

Evaluating the divergence of the differential vector potential gives

dzp_ cosf
V-.dA = ° LIPS 1 a1zt — Rjc)
il an [ RZX(Z, R/C) + R —__.___aR 4 (34)

The differential scalar potential d¢ is

t -
dbR.6.1) = dz cos9 [?:TJ‘ i(z,r— Rjo)dr + i‘i‘;ﬂ] (35)
(N o cR

From Equations 27, 32, and 35 we obtain the following expression for the differential
electric field due to the infinitesimal source dipole:

4me,

t
dER,6,t) = 22 J coso [;f—a f iz,7— Ric)dr

4]
+ 2, R
cp\21(z,t— fc) ag
. 1 t,
+ sind E’—J- i(z,r — R/o)dr (36)
0

T .
+ —— i(z,t — Rfc
iy fe)

1 3i(zt — Rfc)
o D T g
c*R at =6

The total electric field is the vector sum of the fields from the real and image dipoles
and is in the vertical direction:

—_ in? t
dE, (R,8,t) = dz [(2 3?" 9 i(z,r— R/c)dr
2ne, R
0
+ L=35n70) it~ Rlo) 37

CR?

__ sin’6 di(zt ~ R/c)
¢R ot

The total electric and magnetic fields from the complete vertical antenna of height
H are obtained by integrating the infinitesimal dipole solutions 31 and 37 over the
antenna.
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M
=2 - RI G8)
b4 R
4
Vo (Msme aizt—Ro)

mdy (R at

The farst term on the right of Equation 38 1s the induction magnetic hield and the
second term the radiation magnetic field
And

H
1,y =J' ar,iRen

(]
H - 2 1
! J' u"‘_”lf Wzt - Rjc)drdz
2re R

0 0

H (2 _ 351
+ ._'_S. gz_w 1zt — Ric)dz
e, &) cR

39

v M ante Azt - Rj) @
2me, o R at

The first term on the right of Equation 39 1s the electrostatic field, the second term
the induction electric field and the third term the radiation electric field

Uman et al *™ demonstrated solutions to Equations 38 and 39 for the transmission
hne model The results of computer calculations are shown 1n Figure 18 In these cal-
culations they assumed that the current terminates at H in Figure 17 and that no cur-
rent reflected downward from the top of the antenna The height, H = 4 8 km, and
the speed of propagation, v = 8 x 107 m/sec, were assumed The input current wave-
form (a)} in Figure 18 was chosen to resemble a return stroke in a hghtning discharge
to ground

In Figure 18, the radiation field terms dominate the E and B waveforms at the imtial
tine for all distances because the miual time derivative of the current 1s large At ]
km, the near ficld terms produce a large hump in E,, which represents the integrals of
the current being modulated by the geometrical factors as the current propagates up-
ward The magnetic field at 1 km s domenated by the induction field term The final
value of the magnetic field 1s zero at all distances because the final current and time-
rate-of-change of current were chosen to be zero The electric field, on the other hand,
has a finite final value because the current waveform results 1n the effective transfer
of acharge

Q ﬂI 1dt (40)
o

from ground to the top of the antenna which ereates a dipole field given by the well-
hknown refation

-y oo QH
R RTIa ad @1
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FIGURE 18. Return stroke electric (middle) and magnetic (bottom) fields
as a function of distance for the current shown in the top panel and the
return stroke velocity v = 8 X 107 m/sec calculated by the transmisston line
model (From Uman, M. A., Brantley, R. D., Lin, Y. T., Tiller, ] A., Krider,
E. P., and McLain, D. K., J. Geophys. Res., 80, 373, 1975. With permis-
sion.)

There are seen the ““mirror images’’ of the initial field peak at large distances in Figure
18 for times after the current pulse reaches the top of the antenna. The initial radiation
field peak arises because a propagating current wave was turned on at the bottom of
the antenna, and the mirror image field peak arises because the same current has been
turned off at the top. Field behavior that could be interpreted as indicating these fea-
tures has been only occasionally observed and only for first return strokes.?
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The Model of Lin et al

The Bruce-Golde model and the transmission line model represent two extreme cases
of what might be expected to occur in the return stroke channel

Lin et al ¥ tested these two most commonly used hightming return stroke models,
Bruce-Golde and transmission line models, against subsequent-stroke electric- and
magnetic-field waveforms measured stmultaneously at near and distant stations and
showed that these models do not fit very well to the experimental data Lin et al ¥
then proposed a new return stroke model which 15 schematically shown in Figure 19
The new model 1s composed of three separate current components (1) A short-dura-
tion upward propagating pulse of current assoctated with the upward-propagating elec-
trical breakdown at the return-stroke wavefront 1t will traverse the channel with the
return-stroke wavelront velocity and 1s treated by the transmussion line model The
velocity cannot be determined by the new model and 1s assumed to be 10* m/sec The
current pulse 1s assumed to be responsible for the initial peak. of the electric and mag-
netic radration fields (2) A uniform current that may already be flowing (leader cur-
rent) or may start to flow soon afier the return stroke begins In order to determine
the umform current, L., 1s measured the slope, dE/dt, of the electric field near the
Iightning 1n the hinear ramp region when the field 1s primarily electrostatic, and I, 18
computed from the time rate of change of the relation between a point or sphertcal
charge located at the top of the channel and the resultant electrostatic freld

_ 2ne, (0* +D*y* dE(DY)
“ H dt

42)

Lmetal d that H for subseq strokes 1n Florida 1s 7 § km 2 (3) **Corona
current” which 1s caused by the radially nward and then downward movement of the
charge initially stored 1n the corona sheath around the leader channel The corona
current 15 1dealized as a number of current sources distributed along the channel Each
source 1s turned on when the peak of the return stroke breakdown-pulse current
reaches the altitude of the source At each hewght the corona-current wave shape 1n-
Jected mnto the channel is assumed to be 1dentical, but its magnstude decreases exponen-
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FIGURE 20. An example of Lin et al.’s model fit to two-station electric and magnetic field mea-
surements. KSC is Kennedy Space Center and GNV is Gainesville, Fla. (From Lin, Y. T, Uman, M.
A., and Standler, R. B., J. Geophys. Res., 85, 1571, 1980. With permission.)

tially with height. The corona current is assumed 1o flow into the channel and to
ground with the speed of light.

An example of two-station data analyzed by Lin et al.?” using the new model is
shown in Figure 20. The matching of the model fields to the data is considered ade-
quate. The subsequent stroke current waveforms <hown in Figure 20 agree reasonably
well with the subsequent return-stroke current waveform obtained by direct measure-
ment as illustrated in Figure 14.

The properties of the current for subsequent return strokes derived from the new

model were presented as histograms of the peak current, the uniform current, the
charge transfer by breakdown pulse current, the charge transfer by corona current,
and the total charge transfer in Figures 21, 22, 23, 24, and 25, respectively. The mean
value of the subsequent return stroke peak current in Fig. 21 is 23 kA and the median
value is 20 kA. The latter value is a factor of 2 higher than the 12-kA median of Berger
et al.? The mean of uniform current amplitude for subsequent return strokes in Figure
22 is 3.2 kA and the median is 2.3 KA. The origin of the uniform current can be
considered to be the continuation of dart leader current. As the dart leader lasts about
1 msec, the median charge transfer is about 2.3 C. This value agrees well with the
estimate given by Uman’® from data of Brook et al.” The mean of charge transfer by
the breakdown pulse current for subsequent return strokes in Figure 23 is 0.093 C.
The majority of breakdown pulse current contain charge of less than 0.1 C. The mean
of corona current charge in Figure 24 is 0.56 C and the median is 0.45 C.
. The total charge transferred by the return stroke in the first 100 psec is the time
integral of the sum of the breakdown pulse current, the corona current and the uniform
current. The mean of total charge transfer in Figure 25 is 0.95 C and the median is
0.85 C. These values agree well with the measurements made by Brook et al.” for
subsequent return strokes without continuing current following the strokes.

As described above the new model of lightning return-stroke current presented by
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clectnic field data observed simultaneously at two stations
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A, and Standler, R B, J Geophys Res, 85, 1571, 1980
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Volume I 55

@
(o]

Number = 1Of
Mean:=0 56
SD=0 38

1
T

NUMBER OFhSTROKES
o
|

SO

N
N
§w
N

3

0 05 ) is 20 25
CHARGE TRANSFER BY CORONA
CURRENT, C

FIGURE 24. Histogram of charge transfer
by corona current for subsequent return
strokes derived from 101 electric field data
observed simultaneously at two stations
within about 200 km distances (From Lin, Y.
T., Uman, M. A., and Standler, R. B., J.
Geophys. Res., 85, 1571, 1980. With permis-

sion.)
20
Number={Ol
Meor_)=095
0 77 SD=056
515-— 7%/ .
£
n 7/¢%7
Lo+ é %%%
@ 2//§/% |
el
S LU .
N0
s
i 644%7%
0 | 2 3 4

TOTAL CHARGE TRANSFER, C

FIGURE 25. Histogram of subsequent return
stroke total charge transfer derived from 101 electric
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within about 200 km distances (From Lin, Y. T.,
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Lin et al.?” is physically plausible and has reproduced reasonably acceptable lightning
characteristics. The major disadvantage of the new model is, however, the need to
choose arbitrarily the value for return stroke velocity.

Disc_ussion on Space Dependent Nature
Time and space dependent nature of lightning return stroke was discussed by Rai’*
who applied the theory of ionizing potential waves. Albright and Tidman' derived the

relation between the velocity v and the electric field E at the wavefront of the ionizing
potential waves
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g = ST Vidy 43)
my

where m and e are electron mass and charge respectively, v s elastic scattering fre-
quency of electrons, T, 1s the electron temperature of the return stroke channel (~ 3 x
10*K), V, 1s the tonization potential of constituent gases, and {T,/V,)* <! was assumed
The conductivity of the stepped-leader channel in the immediate neighborhood of the
return strohe tip during the return stroke ascent 1s assumed at trime t*

oy = gy e7Ft (43)

where g, and g are the constants If the return stroke current can be assumed as I =
o, E, then Equation 43 1s transformed to
e(1+Ty/V,) 1,

v,
t m EN 45

where J, = I/A, A being the area of cross-secion of the channel which 1s assumed to
be constant with time at all pomnts along the channel The ttme dependent return stroke
velocity can be obtained by combining Equations 8, 44 and 45

Y = Ve (e — et (46)

where

e(1+ T, V)1,

Vg = ———

a=a-p and b=g-p
myAg,

The distance travelled by the tip of the return stroke can be found from Equation
46
t
z= g ypdt

—at ~bt
v (_= seML _._)
a b a b

The second term on the right of Equation 47 can be 1ignored because 1t 1s much smaller
than other terms when t 1s large enough Then Equation 47 1s solved for the time t,

“n

"

:=_imﬁ(1_f_) @8

2 Y H
where H = v,(17a=1/b) 1s the total length of the return stroke channel Ehmmation

of t from Equations 44 and 48 yields the spatial varation of conductivity of the
stepped-leader channel in the immediate neighborhood of the return stroke t1p, 1 €,

pla pla
o, = 0 (l -= (1—%) (49)
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Eliminating t from Equations 46 and 48 yields the spatial velocity variation of the tip
of the return stroke:

wee () [0-5) - (- (- 50

The spatial variation of the return stroke current at the tip, Iz, is found from Equations
45, 49, and 50:

_ z \ p/at+l a\b/a~1 (b+p)/a
’Z"""’[(l‘ﬁ) () (-8) ]

(51)

where

1

.. = Amv v {1-2 pla+t]
% o1+ T, vy P ( ;)

a+1l
I, (1-3 ol
b

(52)

Equation 51 gives the current at the moment when the tip of the return stroke arrives
at a height z. As the tip moves up to distances larger than z, the constituted current
arrives at that point until the channel extends into the cloud. Thus at a given point
there is also a time variation of the current. From a point above z the current waveform
comes to z at a time z/v later. For a time less than z/v, the current is zero. Hence
both the spatial and temporal variation of current may be combined together,

Lt = 1, lem@ =2 _ e=blt = 2] (53)

7t

where

Iz,., =L, [(1 _é)ﬁ/aw“l _ (l _%)b/a—l (1 B f{)(bﬂ,)m]
I, (1 _%)p/aﬂ [(1 __:})P/aiﬂ _ (1 _%)b/a—l (1 _%)(b+p)/a]

To see the spatial variation of the return stroke current and velocity, .., in Equation
34and v, in Equation 50 were calculated as a function of z/H, where I, = 22 KA, v,
=9%10"m/sec, a = 6 x 10 s, b = 7x10°s" and ¢ = a were assumed. The results
are_ shown in Figure 26. The value of I,, becomes maximum at a height of z/H=0.08.
This is a little larger than the height where the breakdown streamer from the ground
meets the downward propagating stepped-leader tip. Because of the maximum ioniza-
Hon near the tip of the stepped-leader, the current attains a maximum at this height.
The calculated return stroke velocity increases initially, attains a maximum around z/
H>0.13 apg then decreases steadily.

(54)
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1IGLRE 26 Vananons of return stroke current and velocnsy
with incseasiny, Jength of channel calulated from Equanons S0
and $3 H s the total stroke channel length

CONCLUDING REMARKS

The 6th International Conference on Atmospheric Electricity held at the Unnersity
of Manchester duning Julv 28 to August 1, 1980 revcaled that much deselopment of
hightning-current related research has been made during the past few years There are
some topies presented at the Conference

Some attention has been drawn to winter hightming since Takent: et al *° reported
*‘abnormal’ features of winter hightning observed at the Japan sca coast Later New
Mexico's group had much interest tn such thunderstorms in this wet and cold arca
which 1s opposite to the dry and hot New Mexico Then they made joint measurements
for winter thunderstorms at Hohurihu coast in Japan

Tuaheun et al ** " reported that in Hokurihu area positive hightning often occurs as
docs usual negatne hightming They first suspected that the charge distnbunon
clouds and then the charge generanon mechamsm in winter thunderstorms are differ-
ent from those of summer thunderstorms As a result of more measurements for later
years they concluded that the charge distribution i the winter thunderstorm 1s funda
mentally the same as that in the summer thunderstorm, but strong wind shear i the
upper atmosphere makes the upper positive charge shift downwindward Morcoser the
cloud height 15 so low that hightming 1s sometimes produced from the upper shufted-
portion of the cfoud where the positive charge ests (see Figure 1} The laboratory
cxpeniment has shown that the postuve breahdown occurs more casily than does the
ncgatine breakdown of the other conditions are the same  This applics to the case of
the winter thunderstorm

Talcutr et al *** also found that electnic ficld oscillatons are often associated with
positine ground discharges observed 1n the winter storms in Japan and 1n summer
storms in Sweden The oscillations last for 40 to 150 psec and contain frequencies 16
to 67 itz This 1s interpreted as follows the clectric conductivty of the hightaing
channel in the positise ground discharge 1s high enough to produce hightning current
osaillations because of the shorter channel length of winter and high latitude hghtning.

Easier arnficial tniggering of winter hghtning than summer lightning also drew atten-
uon Although the frequency of occurrence of winter hightrung 1s very small compared
with summer lightning, transmission line damages due to winter hightrng hase often
been reported, and it 1s worthwhile investigating more detailed mechanism of winter
hightming
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Lightning channel locations have been further developed by Hayenga and War-
wick'' in addition to the works by Proctor® and Taylor’ outlined in the section,
““Charge Structure.’’ They used two antennas interferometer 8.7 m spacing each other.
Measurements of the lightning source can be made every 2.5 usec (400,000/sec) using
34.3 MHz pulses with 3.4 MHz bandwidth.

Proctor,'* Taylor,**” and Hayenga and Warwick'®' made a comparative exhibition
of space-time mapping of VHF lightning source positions which jumped around in
clouds. Such a dynamic nature of lightning will make modeling of the lightning current
complex.

LeVine and Meneghini'® discussed on effects of lightning channel tortuousity on
the electric fields radiated from return strokes. Computer simulations using two paired
exponentials of the Bruce-Golde type lightning current waveform and a piecewise lin-
ear traveling wave (i.e., transmission line) model showed that the simulated return
stroke electric field could well reproduce the measured radiation field. An important
consequence of tortuousity is to increase the high frequency energy in the radiated
signal. A calculated radiation spectrum was in good agreement with observed data
when tortuousity was taken into account.

Correlated measurements of lightning radiation fields and whistlers were made by
Weidman et al.'®® The whistler measurements were made at Roberval in Canada and
at Siple in Antarctica. The lightning field measurements were made at Roberval and
Gainesville, Fla. It was found from these measurements that 80% of lightning which
produces whistlers were ground discharges, and 10% were intracloud discharges; mul-
tiple return strokes occupied 66% of whistler-producing lightning and single return
strokes did 34%. The mean peak field amplitude was 0.22+0.10 V/m for whistler pro-
ducing lightning and 0.13+0.05 V/m for nonwhistler producing lightning. The maxi-
mum excitation range of these whistlers was greater than 2,200 km.

Turman'®® detected by the Vela satellite very powerful lightning flashes, the super-
bolts, the optical power of which ranged 10''~10*? watts. The DMSP satellite lightning
sensor has also been sampling the superbolts.’?® The average duration of the superbolts
was about 1 msec. Most of them occurred in the northern hemisphere between 30°
and 40° N. A significant number occurred in the northwest Pacific Ocean and the Sea
of Japan.

Planetary lightning and radio emission measurements are also planned'® for the
Jupiter thunderstorms. Such satellite borne lightning observations will provide an in-
teresting field of lightning investigation in the future.
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INTRODUCTION

This chapter deals with natural electromagnetic frelds within the atmosphere which
have periods of the order of hours or longer Three sources of such fields are known

1 Thunderstorm electricity and related phenomena
2 Interaction between tidal winds and the 1onospheric plasma
3 Interaction between the solar wind and the magnetosphere

1t has been known since the middle of the 18th century that the terrestrial atmos-
phere 1s always and everywhere in an electrified state Lord Kelvin called this condition
the atmospheric electric field It 1s also known as the atmospheric potentral gradient
During the last 2 decades of the 19th century, 1t was discovered that the atmosphere
has a small but measurable electric conductivity In the presence of an electric field,
therefore, there must be incessant currents These currents decay within a charactenistic
time of

<
T = gp/c = Tmm [4)]

(e, = 885%x10 2 F/m, 0 i 2 x 10 “S/m) 1f they are not continuously maimtained by
external nonelectric forces Since atmospheric electricity does not disappear, the “Fun-
damental Problem of Atmospheric Electricity’’ was evident there must be some re-
plenushung mechanism

It was discovered from balloon measurements during the early years of this century
that the electric conductivity 1s caused mainly by cosmic rays and that its magnitude
wcreases nearly exponentially with alutude Wilson'*s developed the hypothesis that
the earth surface and an equipotential layer at some height ( 2 40 km) must behave
like a hugh capacitor The thunderstorms n which electric charge 1s separated act like
current generators which mamtan the potential gradient on a global base Observa-
tions of the electric field at oceanic stations showed that this field undergoes variations
which are simultaneous over the globe To date this 1s the strongest argument n favor
of the vahidity of Wilson's hypothesis For more details about the story of atmos-
pheric electricity, see Israel *®

The dynamo theory of the geomagnetic Sq vanations presumes a horizontally ex-
tended elecine polanzation field at ronospheric E laver heights, e g, Chapman and
Bartels ** Only recently has that field configuration been deduced from backscatter
measurements *° A magnetosphernic electric field which could be related to global
plasma convection was theoretically predicted by Axford and Hines® and was fist
measured in siu at 1onospheric heights by Heppner* and Frank and Gurnett ** The
problem of downward mapping of these fields into the middle and lower atmosphere
was first considered by Mozer and Serlin ™

In this chapter the mam emphasis will be the electrostatic component of these fields
as observed within the lower and middle atmosphere We shall only briefly mention
field and current configurations within the 1onospheric dynamo region or the magne-
tosphere Likewise, we shall not discuss electromagnetic mduction effects within the
Earth nterior and the magnetosphere Since the conductivity plays a cructal role for
electric fields and currents, a brief summary about 1ts origin and properties Wil be
given 1n the next section, followed by an outline of basic features of the three sources
of atmospheric electric fields In the third section, we discuss observations made at
ground based stations, at balloon altitudes, and at 1onospheric heights In the last
section we review theoretical approaches for describing global electric fields and cur-
rents
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Methods of measurements will not reviewed. For more details the reader is referred
to Chalmers,'® Israél,**-*° and Fahleson.'®

BACKGROUND INFORMATION

Electric Conductivity
Lower and Middle Atmosphere

The electric conductivity depends on the existence of positive and negative ions and
on their mobility. Ions and electrons are produced by cosmic rays within the lower
and middle atmosphere and by radioactivity from the ground over the continents
within the first 100 m. Electrons attached to molecules as well as positive ions, form
molecular clusters via a hydration process within a fraction of a second. These clusters,
called small ions, are among others H*-(H,0), (positive ions) and O, - (H,0), and
CO, - (H,0),. (negative ions). The number of attached water molecules, n, depends
on the water vapor content of the air and is of the order of 4 to 8.® Additional ions
form above 15-km altitude. The ion chemistry of the atmosphere is extremely compli-
cated and far from being completely understood. For more details see, e.g., Israel,*®
Ferguson,?® and Arnold.*

Small ions disappear either by recombination with each other or by attachment to
large ions or to aerosol particles. In the steady state the number of small ions can be
derived from an equation of recombination.*®

n
dt— =0=qg-—an,n_—pn,Z =q— an®* — pnZ 2)
as
~BZ ++/ ﬁEZi + 4aq
n= 3
pr
where n, = n. = n = concentration of positive and negative small ions, q = produc-

tion rate of ions, @« = recombination coefficient, § = effective attachment coefficient,
and Z = aerosol concentration. Equation 3 is simplified because B depends on the
aerosol spectrum. Furthermore, the electric charge of the aerosol particles has to be
taken into account. Production and annihilation of small ions is schematically shown
in Figure 1. Only the mobile (or fast) small ions are of significance for the electric
conductivity:

o = e(n,k, +n_k) @

with k+ = mobility of the ions and e = electric elementary charge.
The mobility of small ions is inversely proportional to the air density:

P, T(2)
°* )T,

K@ = k )

where p, and T, are STP pressure and temperature, and p and T are pressure and
te'mperature at height z. Under STP conditions, k __ is a reduced mobility. Table 1
gives values of k, a, and f3 for different heights. h

Figure 2 shows measured altitude profiles of the positive polar electric conductivity
o. = en.k, for three stations in 30°N, 48°N, and 68°N latitude. The increase of o,
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FIGURE 1 picture of and of ( small 1ons

(From Gringel, W , Hofmann, D J and Rosen, ] M , Report No AP 47, Department of Physics and
Astronomy, University of Wyorung, Laramie, December 1978 With permission }

Table 1
AVERAGE MOBILITY OF SMALL IONS (k),
RECOMBINATION COEFFICIENT (), AND
ATTACHMENT COEFFICIENT (6) IN VARIOUS

HEIGHTS (2)*
z k @ I
(km)  (cm/sperV/em)  (I0<cm/s)  (107¢cm*/s)

4 2 16 7

8 3 18 10

12 5 16 12

16 10 095 13
20 18 06 13

24 35 045 13

28 70 03s 13

with latitude reflects the lautudinal dependence of cosmic ray ntensity at the surface
of the Earth =

From Equation 3 1t follows that an increase of the aerosol concentration decreases
the number of small 1ons The aerosol concentration over the continents depends on
meteorological condions, time of day, season, and also on man-made factors The
conductivity thus varies significantly with time and space over the continents, 1n par-
ticular within the atmospheric exchange layer i the first 1000 m above the ground
Although 10n production rate over the continents 1s five times larger than over the
oceans due to radtoactivity, the loss rate due to attachment to aerosol 1s five tumes
larger over the continents Therefore, the number density of fast 1ons 1s about 10° m™
over the continents and over the oceans

‘The mean conductivity profile can be analytically described by the formula,*

2= (29457352724 1390703752 ©
+0369e~01212)1gn g
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FIGURE 2. Observed electric conductivity at three different latitudes
based on balloon measurements and mean 10n production rate q versus
height. (From Gringel, W., Prometheus, 7, 13, 1977 With permission )

valid at mid latitudes (z in km; o in S/m). Figure 3 shows a mean height profile of the
conductivity. Due to meteorological and other factors, deviations from that average
up to several hundred percent can occur within the exchange layer. Layers of increased
aerosol can significantly reduce the conductivity within the atmosphere. Gringel and
Miihleisen** found a reduction of o between 2- and 4-km altitude over the North Atlan-
tic west of Africa, which they attribute to a dust layer of sand from the Sahara. The
Junge layer, a region of enhanced aerosol concentration between about 17- and 25-km
altitude, can act in the same manner to reduce o in an irregular way, (e.g., Rosen and
Hofmann®®). Cipriano et al.*’ claim that o attains a relative maximum near 40-km
altitude. There is a steeper exponential increase of o above 60 km. According to Cole
and Pierce,' electrons become significant in that height region (see also Pierce®®).
Cosmic ray events, including cosmic rays of solar origin, can significantly influence o
due to the change in ion production.®* ® The solar wind tends to exclude cosmic ray
particles from the Earth, thus explaining why the cosmic ray flux, and therefore the
ion production rate, is lower on the average during solar maximum and more intense
during solar minimum.”* A change in conductivity may not necessarily reflect a change
in ionization levels, but rather a change in mobility. Significant structure has been seen
in the vertical profile of mobility at mesospheric altitudes.***
The columnar resistance between ground and ionosphere is of the order

K=f %:1.3x10”nm2 )
(]
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The fisst 2 km contnibute about 45% and the first 10 km about 90% ta that columnar
resistance The value i Equation 7 can vary by a factor of 2 depending on the orog-
raphy of the Earth and on latitude The average total resistance between Earth and
1onosphere amounts to about

AlA = 2508 (8)

with A = 5 | x 10"*m? being the surface area of the Earth That value may vary with
sofar activity

lonosphere

The extreme UV and soft X-radiation from the sun that produce the 1onospheric
layers are almost entirely absorbed above the mesopause near 85-km altitude There s
a small contribution from harder X-rays, particutarly during solar flares when the flux
of hard X-radiation can increase by two or three orders of magmitude over its normal
value withm the 10nospheric D layer between about 60- and 90-km altitude O.* and
NQ* are the major positive 10ns which are produced 1n that tegion * Ny* and O* be-
come ncreasmgly important above about 100-km alutude, e g , Whiiten and Pop-
poff 2

The electric conductivity 10 these regions 15 governed by collisions between neutrals
and 10ns and electrons and by the influence of the geomagnetic freld on the mobility
of the plasma components The mobility of the electrons 1s restricted by the geomag-
netic field at levels above 80 km, while the 10ns are bound to the geomagnetic lines of
force above about 140 km The differential motion of the 1ons and the electrons
the dynamo region between about 80- and 200-km altitude gives rise t0 an anisotropic
behavior of the conductivity The conductivity parallel to the geomagnetic lines of
force B,, symbolized by oy, 15 not affected by B, 1t therefore increases strongly with
height (see Figure 3) The conductvity parallel to an electric field E, however orthog-
onal 1o B,, 1s called the Pedersen conducuvity a, That conductvity 1s reduced with
respect 1o o, and has a maximum where the 1on-neutral colhision rate equals the gyro-
frequency of the 1ons That occurs near 140 km at mud latitudes The conductvty
orthogonal to both E and B, 1s called the Hall conductivity, o, Its maximum occurs
near 110-km altitude and decreases with height mare rapidly than o, (Figure 3) The
effective conductivity for horizontal currents within the dynamo regton ts the Cowlng
conductvity 0, =a,+a%/0, It may reach values as large as five times the Pedersen
conductivity near the geomagnetic equator
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The Pedersen conductivity is carried by electrons below about 105 km and by ions
above that height. The Hall conductivity is mainly due to electrons. Both conductivities
depend on time of day, season, and latitude in a complicated manner. For more details
see Whitten and Poppoff''?, Rishbeth and Garriott®?, or Maeda and Matsumoto.®

Space Charges

The surplus of one kind of charged particles within a certain volume is called space
charge. Its SI unit is C/m?. According to Poisson’s law, the space charge q is related
to an electric field E:

V-E = gfe 1))

with £ = g, the dielectric constant of the air. The global electric field decreases nearly
exponentially with altitude. A space charge is therefore always present within the lower
and middle atmosphere. It decreases from a few pC/m? at the ground to about 0.01
pC/m? at 10-km altitude in fair-weather areas.

An electrically inactive cloud contains positive space charge in its upper part and
negative charge in its lower part, with values of the order of 1 pC/m?®. The electric
conductivity is reduced in local dust and fog, so that enhanced layers of space charge
with strong horizontal gradients may form.'® In thunderclouds space charges can reach
values up to tens of nC/m?>.

One source of space charge near the ground is the electrode effect, e.g., Anderson.?
The positive and negative small ions drift in opposite directions under the influence
of the vertical electric field. Since they are formed only within the air, a depletion of
negative ions occurs near the ground, giving rise to positive space charges of the order
of 0.1 nC/m?* within the first 10 m above ground. This effect is most pronounced
above areas covered with water, ice, or snow. Above solid soil the effect is normally
absent because of the strong vertical turbulent mass exchange there. Negative ions
emanating from a waterfall, positive ions created by breaking surf in a salty ocean, or
fire, air, pollution, etc. are other sources of space charges.*®

Recent electric field measurements by sounding rockets seem to indicate that space
charge layers of unknown origin may be present within the middle atmosphere near
50- to 70-km altitude.?” '*** However, these measurements are still controversial.”

Horizontal gradients of space charge at ionospheric heights are built up by the dif-
ferent motion of ions and electrons driven by the tidal wind. They will be discussed in
the section on ‘‘Ionospheric Dynamo Field,”’ page 73.

Equivalent Electric Circuits
Thunderstorm Field

Figure 4 shows a schematic electric circuit simulating atmospheric electric fields and
currents and their sources. Electric charge separation within thunderstorms with posi-
tive charge stored in the upper part and negative charge stored within the lower part
of the cloud and convection currents maintaining that charge separation constitute an
electric current source with about 1 A strength per cloud area and voltage differences
between cloud top and the Earth’s surface Ur of about 10 to 100 MV, The Earth and
the atmosphere above about 10 km are good conductors. They behave like a spherical
condensor with capacitance

(o]

Cy = — = 2F
A d (10)

where d > 2.5 km is the virtual distance of the plates, and A is the surface area of the
Earth.
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Since the resistance R, between top of the thundercloud and 1onosphere 15 smaller
than R; between top and ground, most of the current flows from the top into the
1onosphere. Because of the large height-integrated Cowling conductivity withm the
dynamo regien (Rp ~ 20 mQ}, no sigruficant horizontal potential gradient can be main-
tamned by this DC current there, and the electric charge will distribute nearly equally
over all the dynamo region, from which 1t flows downward to the Earth within the
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fair-weather areas. The average resistance of the fair weather area has been estimated
to R, = 250 Q (see Equation 8). The interior of the Earth is a good conductor, with
overall resistance of not more than Ry <1 m&%.

The interior of the Earth, like the ionosphere, can thus be considered in a first order
approximation as an equipotential layer for DC currents. The return currents from
the ground to the clouds are carried mainly by lightning flashes. Each thunderstorm
area covering a number of active clouds transports about 0.5 to 1 A into the ionos-
phere.?® With 1000 to 2000 thunderstorms at any time all over the globe, one arrives
at a total current of I, = 1 kA and a potential difference between ground and ionos-
phere of about U, =~ 250 kV. The observations scatter between 180 and 400 kV."?

The internal resistance of the sum of all thunderstorm generators is symbolized by
R.,. That resistance is of the order

Ry = _Fg ~ 100kQ 11

with

z
o]
- 4z _ g%
/\o—j‘ —0———08/\
0

the columnar resistance between ground and cloud top at z,, and F = 10'2m? the total
area covered by thunderstorms.5?

A smaller part of the current (= 20%) flows within that resistance down to the Earth
in the environment of the clouds. Another small part may flow along the geomagnetic
lines of force from one hemisphere into the other (simuiated in Figure 4 by the resist-
ance R, of the magnetosphere). That resistance acts like a shunt of the dynamo resist-
ance R,

The electric charge stored on one plate of the condensor can be estimated to

Q = CoU, = 500kC
The voltage U, would then decrease to 1/e after a delay time of

7a = RAC, = 500 sec (12)

if the thunderstorm activity should suddenly cease. In order to maintain the potential
difference U,, thunderstorm activity must be present at all times.

From the foregoing discussion, it is evident that the DC currents and voltages meas-
ured at the ground or within the lower atmosphere are rather noisy. The sources them-
selves (the thunderstorm voltage U;) change with time and location, influencing U,
and 1, with characteristic times as small as several minutes. Changes in R,, Ry, or R,
may also give rise to variations of U, and I,. In particular, a varying column resistance
(Equation 7) modulates the local electric field and current density. The fair weather
fields and currents are modified significantly near thunderstorms. In addition, precip-
itation, blowing snow and dust, and rising or descending space charge layers all behave
like local generators of electric current systems.

Ionospheric Dynamo Field
Tidal wind systems generated within the entire atmosphere by differential heating
of the sun interact with the ionospheric plasma above about 80-km altitude. Collisions
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between neutrals and electrons become of minor importance above 80 km, and the
electrons start to gyrate along the geomagnetic lines of force This happens above
about 140-km altitude for ions, so that they essentially move with the neutral wind
below that height It 1s this differentral motion of electrons and 1ons n the height
region between 80 and 200 km that 1s responsible for an essentially honizontal electric
current

Charge separation between electrons and 10ns generates a secondary electric potani-
zation field E, The configuration of that field 1s such that 1ts contribution to the
electric current together with the current driven by the Lorentz field V x B, leads to a
source-free electric current densiy )

dvy = div [G(Ep+vx By} =0 (13)

with V the horizontal tidal wind and o the horizontal conductivity tensor, e g , Chap-
man and Bartels '' It 15 that honizontally directed polarization field E, which can be
measured by an observer moving with the Earth

Only those tidal winds can generate observable dynamo currents which bave vertical
wavelengths comparable to or larger than the thickness of the dynamo layer The most
mportant wind systems belong to the diurnal (1,—2) uidal wave which 1s evanescent
below 100-km altitude,® '*° '°* and to the semtdiurnal (2,2) and (2,4) tidal waves

Feedbach between tidal wind and plasma can be simutated by the equivalent current
11 1in Figure 4 *” The AC voltage source U, with period t/m (r = 24 hr, m =
1, 2, ) 1s the solar differential heating The capacitance Cp acts like an internal
resistance of the source depending only on nonplasma parameters

2, bz
. (14)

4B
o

Cp =

{8.= mean density of the air at the center of the dynamo region, Az= effective thick-
ness of the dynamo region, and B, = geomagnetic field) The voltage U, 1s the men-
dionally averaged zonal potential difference of the electric polarization field during
one half-pertod A voltage of 10 kV in Figure 4 corresponds to the diurnal tude, thus
vielding a half-pertod of 12 hr This voltage U, 1s proportional to the current 1,, the
proportional factor being a complex impedance R,

The total dynamo current I, within one hemisphere 15 of the order of 100 kA The
load resistance Ry 1s the global mean height-integrated reciprocal Cowling conductivity
within the dynamo region

=

5
1
N
=
)
I
3

= =20 5
s me (18)

3
[

Note that all values 1n Figure 4 are only order-of-magnitude numbers The actual num-
bers may vary by at least a factor of 2

The movement of an electnically conducting medium (the ronosphenic plasma), dn-
ven mechanically by the neutral wind agamst an external magnetic field (the geomag-
netic field), and the induction of electric voltages and currents in that system (the
polarization field and the Sq current) correspond to a technical dynamo The load
resistance of the technical dynamo where energy 1s dissipated corresponds to R, m
Figure 4, whle the self-inductance of the coil corresponds to R, in Figure 4 Even if
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the load resistance is zero (short circuit), the seif-inductance (charge separation) pre-
vents the current from becoming infinitely large.

The magnetospheric resistance R,, and the atmospheric resistance R, act like shunts
within current system 11 in Figure 4. Currents through the magnetosphere along geo-
magnetic field lines can only flow if a significant voltage difference exists between the
two conjugate footpoints of a given line. That may be the case during solstice condi-
tions. Maeda and Murata®? estimated that not more than 10% of the dynamo currents
flow along geomagnetic field lines during solstice.

The currents flowing within the lower atmosphere and the ground are of the order
of

Rp
I~ — 1y = 1071y =~ 10A (16)
Ra

which is only about 1% of the thunderstorm current L.
Note that this current is an AC current varying with local time and latitude.

Mapping the horizontal electric polarization field E, down to the lower atmosphere
leads to equipotential lines as shown in Figure 5. These equipotential lines, which are
nearly vertical down to about 20-km altitude, progress into a horizontal direction near
the well-conducting Earth. The vertical field strength at the ground is of the order of
1 V/m, which is smaller by a factor of about 100 as compared with the thunderstorm
field at the ground. Therefore, it appears to be rather difficult to filter that small signal
out of the noisy thunderstorm field.

The AC dynamo current behaves like a huge antenna system from which electro-
’T_‘agnetic waves are emitted. The system ‘‘dynamo region-earth interior’’ can be con-
_sxdered as a transformer with the dynamo region as the primary winding, and the
Interior of the Earth as the secondary winding of a coil. The induced electromagnetic
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waves within the secondary winding are superimposed onto the pnimary waves The
sumplest way to descnbe that induction effect 1s to consider the reflection of plane
transverse electric waves on a well-conducting half space as indicated in Figure 6 While
the horizontal electric fields cancel nearly to zero just outside the half space, the mag-
netic fields add, thus leading to an enhancement of the horizontal field and to a reduc-
tron of its vertical component near the ground

These magnetic hields can be observed at the ground as the geomagnetic Sq varia-
tions The primary field 1s proportional to the dynamo current, and the secondary freld
1s proportional to the induced current within the Earth The strength and phase of the
mnduced currents depend on the period of the pnmary wave and on the configuration
of the electric conductivity within the Earth Longer pertods penetrate deeper mto the
Earth than shorter periods (skin effect) For more details see Price®® and Rikitake **

Magnetospheric Convection Field

The solar wind, a plasma flow from the sun of high electric conductivity, cannot
drrectly penetrate the geomagnetic field, but leaves a cavity, the magnetosphere, 1 the
wider environment of the Earth The boundary of the magnetosphere, the magneto-
pause, 1s located where the kinetic energy of the solar wind matches the magnetic en-
ergy of the peomagnetic field The mean distance of the magnetopause from the Earth
1s about 10 Earth radu at the subsolar point The magnetosphere stretches several
hundred Earth radin into space on the might side (see Figure 7)

In the polar cap regions of the magnetosphere, the solar wind plasma blows across
geomagnetic field lines which merge with the interplanetary magnetic field These re-
gions therefore behave hike a hydromagnetic generator i which the kinetic energy of
the solar wind 1s converted 1nto electric energy In plasma physics the effect 1s known
as channel flow or Hartmann flow *° In order to allow the solar wind plasma to pené-
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trate 1nto that region, an electric polarization field directed from dawn to dusk must
be built up which compensates the Lorentz field v X B,, where v 1s the solar wind
velocity directed from noon to midnight and B, 1s the polar cap geomagnetic field
directed to the south

Discharging electric currents can flow along the magnetopause, along the magnetos-
pheric tail (AC i Figure 7), and along the geomagnetic field lines which are tercon-
nected via the dynamo region of the 1onosphere (AEFC 1n Figure 7) The resulting
voltage, current, and power are of the order of 50 kV, 20 MA, and 1 TW About 1
MA flows along the line from A via E on the morning side into the 1onosphere to F
on the evening side, and from F to C into the phere These field-aligned
currents have been observed *7 The electric polanzation field which drives those cur-
rents 1s accompanied by large-scale plasma convection within the nighttime magnetos-
phere and 1s therefore called the convectton field *

Since the geomagnetic hines of force are well conducting, they are practically electric
equipotential lines and the electric field vector must be orthogonal to these lines The
electric field can thus map downward wnto 1onospheric heights where 1t drives electrie
Pedersen and Hall currents The convection field has been measured 1n situ by satel-
Iites 2* *° For an observer at tonospheric heights who rotates with the Earth, this field
1s an AC fheld with a basic period of 1 solar day 1ts dawn to dusk potential difference
1s about Uy = 25 kV during very quiet conditions It can increase up to 100 kV and
more duning disturbed conditions ** Maximum freld strengths are observed near the
low latitude borders of the auroral zones, from which the field decays rapidly toward
the lower latitudes For a review, see Stern '

Voltage sources and currents of magnetospheric origin are very crudely simulated
by the current system Il in Figure 4 Again, part of that current can fiow through the
lower atmosphere Here one expects effects on the ground which in the auroral zones
may locally be of the same order of magnitude as the thunderstorm field effects The
tocally and temporally varymg 1onosphenc currents of magnetosphenc ongin which
are associated with magnetospheric substorms' can tnduce a whole spectrum of second-
ary electric currents within the Earth 2 °? Secondary induced electric fields within the
magnetosphere due to fluctuating primary fields are discussed by Kim et al ** The time
constant of magnetospheric currents 1s of the order of L,,/R, 2 25 min

OBSERVATIONS

Ground-Based Measurements
Globally Representative Stations for the Thunderstorm Fleld

The atmospheric electric field measured at the ground 1s orthogonal to the surface
of the Earth because the Earth behaves like an equipotentral layer In the fair weather
regions far away from thunderstorm areas, the field of thunderstorm orgin 1s directed
downward In the Iiterature of atmospheric electricity, that direction 1s defined as pos-
wve *° In this book, however, we apply a coordinate system with the z-axis positive
upward, so that the fair weather field 1s negative according to our definition To avord
confusion, we shall explicitly mention any deviation from our defimtion 1f 1t occurs m
the following text

Fair weather in the atmospheric electric sense 1s during a time tn which the action
of local generators remains ummportant Local generators are those generators which
do not contribute significantly to the global electric current and mfluence only their
mmmedtate environment Convection currents (precipitation), corona discharges, and
blowing snow or dust belong to local generators A thunderstorm 1s also a local gen-
erator 1n 1ts immediate vicinity

A globally representative station for the thunderstorm field 1s a station where, for
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all fair weather conditions, the vertical columnar resistance A (see Equation 7) re-
mains nearly constant,'” so that the measured electric current density ja reflects only
the variation of the potential difference Uyg:

Uy = —Aia amn

This condition is approximately true for ocean and for polar stations. Figure 8 shows
the results of field strength measurements on board the research ship Carnegie. The
upper part of Figure 8 gives annual averages of hourly means of E, (positive down-
ward) plotted vs. universal time (GMT). The striking feature is a dependence on uni-
versal time with maximum near 19.00 GMT at locations of different longitude. The
lower part of Figure 8 gives the areas of thunderstorm activity on the different conti-
nents. Although the thunderstorm activity depends on local time maximizing during
early afternoon, the sum of all active areas on the Earth closely follows the field
strength curve.

Presently, this correlation is the most convincing argument in favor of Wilson’s
theory that the thunderstorms are the generators of the global electric field. However,
there remain some discrepancies. The electric field in Figure 8 varies by only 40%,
while the thunderstorm areas vary by about 100%. Moreover, Krumm,®® preparing
seasonal curves of thunderstorm activity, found a less convincing correlation between
the seasonal parameters. Ogawa et al.”’ split the thunderstorm data into monthly
curves and showed that electric field and thunderstorm activity do not follow the same
hourly trend for individual months. Since the time constant of the atmosphere is of
the order of 500 sec (see Equation 12), the global electric potential should adjust to
changes in the global generator strength within the same time, and one would expect
a rather strong correlation between electric field and thunderstorm activity, at least
for time scales of 1 hr. Recent simultaneous measurements of the current density in
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FIGURE 9 Simultaneous variations of density of Maxwellian atmospheric electric current at Waldorf,
Marytand, US , ( } and Vilsandy, Estonia, U S § R {==~—===) measured each with 150 m wire an-
tenna ! m above ground Data points are averages over 10 sec (Courtesy of Ruhnke, L. H , private com
munication )

Maryland, U S and 1 Estonia, U § S R show similar synchronous world-wide fluc-
tuations with time constants even smaller than | min, {Figure 9) ¥/

Another argument agamst the Wilson hypothesis 1s that the annual vanation of the
daily mean of the oceanic {icld and the corresponding annual vanaton of the thunder-
storm activity are anticorrelated The electric field shows a mintmum durning north
summer, while thunderstorm activity has a maxunum there %

One way out of the discrepancy may be that measurements of thunderstorm activity
are still based on the World Meteorological Orgamzation {WMQ) tables which give
numbers of the ““day with thunder heard' Thus 1s certainly not a representative meas-
ure of thunderstorm activity, particularly n regions of sparse meteorclogical stations
It should be mentioned, however, that observations of the energy of Schumann reso-
nances show a swular large amplitude vaniation, to the total thunderstorm activity m
the lower part of Figure 8 ** Schumann resonances are considered to represent the
hightming actwity of the major storm centers (see the chapter, ‘‘Schumann Reso-
nances™) Thus, the question remains unsolved whether additional sources have to be
considered to generate the global electric circuit, € g , a convective generator,’'’ or an
Austausch generator,* or whether our assumption about a linear relationship between
Iightning activity and the generator strength of thunderclouds must be modified

Typical values of E, at ocean stations near the equator are 120 V/m The electnic
current density measured at ocean stations closely follows the electric field with typical
values of 2 to 3 pA/m?, e g, Gringel et al 3* Regional effects of the global field are
discussed by Takagr °*
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FIGURE 10. Typical variations of electric field on the ground and relative amplitude distribution during
fair weather (0), haze (), and fog (=). (+ means field strengths positne downward) (From Fischer, H. 1.,
Prometheus, 7.3, 1977. With permission.)

Continental Stations

Meteorological and anthropogenic influences on electric conductivity are stronger
over the solid Earth than over the ocean, in particular within the atmospheric exchange
layer in the first few km above ground. The electric field observed on the ground can
vary considerably. Figure 10 shows typical variations of E. at a continental mid latitude
station during fair weather, haze, and fog (the plus sign in Figure 10 means fields
positive downward). Also shown in Figure 10 is the relative occurrence of the field
amplitudes. During fair weather the variation is small and the mean value of E. is
about 120 V/m. No negative fields (field directions positive upward) are observed.
During haze and fog the variation can become quite substantial, with occasional neg-
ative values of E.. The amplitude distribution flattens reaching large magnitudes.

The mean field strength is still positive. The large positive amplitudes are the result
of a local decrease in the electric conductivity due to the attachment of small ions to
haze and fog droplets. The negative fields are probably caused by space charges.

Anthropogenic influences on the field on the ground are shown in Figure 11. The
station east of a big city (Stuttgart, Germany) exhibits the character of the fair weather
field because the wind from the north does not transport man-made pollution into that
area. However, pollution from industrial areas in the north of the city reaches the
western station, resulting in strong variations of the field, including negative values.

Figure 12 shows field variations and amplitude specira during rain of various
strength. The negative fields now become a substantial part of the picture with maxi-
mum values of more than 400 V/m increasingly dominating with increasing strength
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FIGURE 11 Anthropogenic influences on the electric field on the ground Simutianeous measurements
at two stattons east and west of Stuttgart Germany (+ means field strengths posstive downward) (From
Fischer H 1 Prometheus 7,4 1977 With permission }
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FIGURE 12 Typical variations of electric field on the ground dunng ran (a), refatrve amphitude distri-
bution for various rain intensities (b), and time of negative fields (in percentage) vs intensity of the rain (¢}
{+ means field strengths positive downward) (From Fischer, H J Prometheus, 7, 4, 1977 With permis-
sion )

of the ram fall The situation becomes more complex during snow The U form of the
amplitude distbutions 1n Figure 12 becomes even more pronounced during thunder-
storms, and the maximum amplitudes can be as high as 1000 V/m

Seasonal means of the diurnal vanation of E, show two distinct types (Figure 13),
both depending on local tme Whereas a single oscillation type (Figure 13a) 1s predom-
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FIGURE 13. The three main types of diurnal vartation of the electric
field on the ground. Types 1 and 2 (left and middle Figures) are continen-
tal types depending on local time. Type 3 (right Figure) is an oceanic type
depending on universal time (see also Figure 8). (From Israel, H., Atmos-
pheric Electricity, Vol. 11, National Science Foundation, Washington,
D.C., 1973, With permission.)

inant during winter in many stations, the double oscillation type generally dominates
during summer. However, some stations have double oscillations throughout the year,
and others have only single oscillations diurnally. The first occurs more often in cities,
the second predominates in rural areas.*’

For comparison, Figure 13¢c shows the behavior of a typical oceanic station which
depends on universal time as discussed in the foregoing section. Figure 13 gives the
impression that the diurnal variation is generally made up of two components, a 24-
br component and a secondary overlapping fluctuation of shorter period which grad-
ually becomes more significant from winter to summer. That local time fluctuation
apparently masks the superimposed universal time fluctuation which is seen at ocean
stations.

The double-oscillation type is limited to plains and disappears above several tens of
meters above ground, where a clearly marked change toward the single-oscillation type
is observed.

The local time-dependence of E, at continental stations is remarkably similar to the
variation of water vapor pressure (Figure 14). The single-oscillation type of vapor pres-
sure is called the maritime diurnal variation. It occurs when the ground at the obser-
vation point ensures a continuous and adequate supply of water vapor by evaporation.
The vapor pressure will then approximately follow the diurnal temperature curve and
thus influences the columnar resistance within the atmospheric exchange layer; this
explains the corresponding behavior of E..

The double-oscillation type of the diurnal variation of vapor pressure stems from
the single diurnal variation with the added effect of convection. Convection, with its
maximum effect at noon, can reduce water vapor content near the ground during sum-
mer, thus overcompensating for the evaporation effect during day time.

In contrast to the electric field variations, not much characteristic diurnal fundamen-
tal behavior can be recognized for the electric current density at continental stations.
Similarly, an arrangement according to universal time does not indicate a strong com-
mon behavior. The reason for this follows.**

The electric field E,, the thunderstorm potential Uy, the electric current density i,
the columnar resistance R (see Equation 7), and the local conductivity on the ground
o are interconnected as

= _ (18)




84 CRC Handbook of Atmospherics

wo

Fl b

ol
Porcntial gradicnt \/-\/
%
J -‘lw
8 | ™~ L \/

) N 1L s
Vapor pressure \/ Vapor pressure 0
| W i

90
? E el Z i 29 e

Potential gradient

FIGURE 14 The two continental types of electric fteld or the ground versus local
ume as compared with the dwurnally varying vapor pressure m percentage as re
corded in Potsdam 1934 to 1937 (From lIsrael, H , Atmosphers Electricaty, Vol
1, National Science Foundation, Washington, D C , 1973 With permission }

a = —Up/a 19

Therefore, E, depends on three parameters, while 3, depends on only two Now, the
local conductivity o shows diurnal vanations and can dominate the behavior of E,
For Ja, 1t depends on whether the global influences U, or the local influences A are
stronger

The total mean of ), on flat ground 1s about 2pA/m?, which 1s probably somewhat
smaller than the corresponding value at ocean stations In mountamn areas, J, 1s larger

If the local variations are removed by appropriate averaging processes, both electric
field and current density on the ground indeed show the universal time dependence
exhibited by the ocean stations *°

Effects of Solar Activity

The electric fields and currents discussed 1n the two previous sections are caused by
the thunderstorm generator It 1s stll doubtful whether electric fields of 1onosphenc
or magnetospheric origin have been observed on the ground®® although claims i that
direction have been made +° 7°

An influence of solar activity on the thunderstorm field may occur esther via a varn-
ation of the electric conductivity or via a modulation of the thunderstorm activity in a
yet unknown manner * Claims about a solar activity modulation of the thunderstorm
field are still controversial (e g , Isra€l,* Herman and Goldberg?) For example, Rer-
ter® veported an increase of the vertical electne field and current at a mid latitude
station a few days after sector boundary crossings of the mnterplanetary magnetic freld,
whereas Park® found a decrease of E, during the same events at an Antarctic station
Markson and Muir®* observed an anticorrelation between the thunderstorm voliage
and the solar wind velocity

Observations at Batloon Altitudes
Vertical Electric Fields
Figure 15, shows the decrease of the vertical electric field with alttude during far
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FIGURE 15. Electric field versus altitude during fair weather (0), cloudiness (@), and fog (=). Black curves
show typical measurements; white curves are mean values; hatched regions indicate the scattering of the
data (+ means field strengths positive downward). (From Fischer, H 1., Prometheus, 7, 4, 1977. With
permission.)

weather, during cloudiness without rain, and during haze and fog. The positive sign
in Figure 15 means positive downward. The black lines show typical individual altitude
profiles, the shaded regions indicate the range of scattering, and the white curves gives
averages. An analytical formula of Gish?’

E. = —[81.8exp (—4.527 z) + 38.6 exp (—0.375 z)
z
20)
+ 10.27 exp (~0.121 2)]

(E. in V/m; z in km) approximates rather well the mean profile of E,. According to
Equation 20, the field at 10-km altitude decreases to about 2% of its value on the
ground.

The scattering in Figure 15 is mainly due to the variation of the local electric con-
ductivity rather than to a change in the thunderstorm voltage U,. This scattering can
increase substantially during cloudiness and during fog. The black saw-toothed curve
in Figure 15b during cloudiness characterizes the attachment of the small ions to water
droplets within the cloud, thus giving rise to a reduction of the conductivity there.

During rain or snow, and particularly in thunderclouds, the electric field profiles
show much larger scattering, including even regions of negative fields (negative in the
sense that the direction is positive upward). The temporal variations are fast, and the
horizontal field components can become of the same order of magnitude as the vertical
field components.

The electric current density, which is the product of the exponentially decreasing
electric field and the exponentially increasing conductivity, remains nearly constant
with height. As an example, Figure 16 shows a vertical profile of the polar verticai
electric current density over the North Atlantic together with the electric field and the
electric conductivities. This is true over the continents as well.*

Vertical electric field measurements by rocket-borne instruments have been made by
Tyutin'®* and by Hale and Croskey®” up to heights of 70 km. They claim that they
observe large vertical electric fields with a total potential of 100 kV near 50- to 60-km
altitude in the auroral zones during quiet conditions, which then vanish during dis-
turbed conditions. However, Bering et al.” criticized these results on the basis that the
payloads were traveling at or above Mach one speed. Holzworth and Mozer** measured
the vertical electric field at 30-km altitude during the August 1972 magnetic storm

event and found an anticorrelation of the electric field with the intensity of the solar
proton flux.
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FIGURE 16  Balloon borne measurements of the polar con-
ductities A (=a ) and A (=g} and of the electric current
denstty  (From Gringel, W Leidel J, and Muhleisen R,
Metcor Forschungsberichte Rethe B Nr 13 41 1978 With
permission )

Muhleisen”™ observed differences in the 1onospheric potential up to 60 kV over a
horizontal distance of 6600 km The effect of the orography 1s to reduce the columnar
resistance over mountain areas, which thereby mcreases the local electric current den-
sity (see Equation 19 and also Hoppel,** and Ogawa et al ”*) The thunderstorm poten-
t1al has the same diurnal UT dependence as the electric field over the ocean * For
recent measurements, see Markson®? and Muhleisen 7*

Many observations exist within and above thunderclouds Gish and Wait’s®® awrplane
measurements of the electne conduchivity and the electnc field confirmed Wilson’s'
prediction that the currents over thunderclouds were of the order of 1 A and were
conveymg positive charge to the upper atmosphere Observations above thunderclouds
from a U2 anplane reported by Vonnegut et al *** revealed that the strong electnic
fields and currents were confined to the convection cells rising above the top of the
clouds (see Moore and Vonnegut®® for a review)

Horizontal Electric Frelds

In the proxtmity of thunderclouds, or local generators, the electric field differs sub-
stannially from a homogeneous vertical field These inhomogeneous cormponents decay
raprdly away from the source {see section on the Thunderstorm as a Local Generator,
page 96) Electric fields of ionospheric and magnetospheric origin have horizontal
components of planetary scale These fields decay downward (see Figure 5) However,
their magnitudes are comparable to the vertical thunderstorm field at stratospheric
heights A measured horizontal field of magnetospheric orgm ts shown in Figure 17
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FIGURE 17. Balloon borne measurements of horizontal elec-

tric fields (solid lines) and vertical electric fields (dashed lines)
versus altitude (1 km = 3281 f1). (From Mozer, F. S and Ser-
lin, R., J. Geophys. Res., 74, 4739, 1969. With permussion.)

as a function of altitude. It remains nearly constant down to 15-km altitude and its
magnitude exceeds that of the thunderstorm field above approximately 35 km.

Mozer and collaborators” have made extensive balloon-borne measurements of hor-
izontal electric fields of magnetospheric origin at high latitudes. Their result will be
discussed in the next section in connection with in situ observations of electric fields
at ionospheric heights.

Observations at Ionospheric Heights
Electric Field of Sq Current

The evaluation of electric field measurements made in situ within the ionospheric
dynamo layer is difficult because satellites cannot orbit freely below 150-km altitude.
Rocket-borne observations yield only a localized snapshot of a global field configura-
tion. Barium cloud releases, allow in addition only twilight measurements.**

So far, the most reliable quasi-continuous measurements on a global base of the
electric polarization field of the Sq current at low and middle latitudes are due to
ground-based backscatter observations.'® Figure 18 shows an empirical model of the
ionospheric dynamo field, based on drift data at F layer heights from five low and
mid-latitude stations.?® The values are valid between 0 and 60° latitude. Electric fields
due to the magnetospheric generator must be considered at higher latitudes. During
geomagnetic storms, the dynamo field may be enhanced somewhat. Although the data
in Figure 18 are F-layer data, they are believed to reflect the dynamo field which maps
into the F layer. The potential in Figure 18 peaks at 0700 hr LT (maximum) and at
2000 hr LT (minimum) at the equator. A second maximum at 40° latitude is at 0300
hr LT. The maximum potential difference between morning and evening is 7 kV. Fig-
ure 18 is valid during equinox conditions. One would expect an additional antisym-
metric component during solstices.

Electric Convection Field
. The electric convection field is generated within the magnetosphere and maps down
nto the ionosphere. OGO 6 in situ measurements, revealed a typical field configura-
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FIGURE 18 Equepotential lines of the electric potennial of the dynamo freld
during quiet conditions as derived from backscatter measurements (numbers in
LV) (From Richmond A D, J Geophys Res 81, 1447, 1976 With permss
sion }
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FIGURE 19 The horizontal component of the electrc field perpendicular to the sun-earth line along two
polar traverses of OGO-6 across the north magnetic pole (From Heppner, J P ,n Aagnetospherrc Physics,
Dyer, E R ,Ed , National Academy Sciences, Washington, D C , 1972, 107 With permission }

tion at 1onospheric heights above the F layer maximum as shown n Figure 19 * The
satellite crosses the northern pole along the dawn-dusk mernidian One notices a tran-
sition from southward-directed fields over the polar cap to northward-directed fields
beyond about 75° magnetic latitude The field decays rapidly towards lower tatitudes

Figure 19 shows observations during moderately disturbed conditions, but the con-
figuration remains essentially the same during quiet conditions The main differences
are that the maximum amplitude decreases to about 20 mV/m, and the transition range
shafts to higher latitudes and shninks

Observations of this type, together with balloon results,” incoherent scatter data,
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(a) MODEL “A”: SUN ALIGRED

FIGURE 20. Semiempirical model of the electric convection field at 1onospheric heights. Equi-
potential lines (in kV) of the ionospheric electric potential on the northern hemisphere durl.ng
moderately disturbed conditions. (From Heppner, 1. P., J. Geophys. Res., 82, 1115, 1977. With
permission.)

and barium cloud observations tfor a review see Rostoker®®), yield an empiri?ally de-
rived electric potential configuration at ionospheric altitudes as shown in Figure 20
during moderately disturbed conditions with a potential difference betwe_en dawn and
dusk of about 75 kV. During quiet conditions that potential difference is reduced to
about 25 kV. That pattern depends on local time for an observer on the Earth. For an
observer within a fixed magnetospheric frame of reference, it is neces_sary to add a
corotation field which is due to unipolar induction within the corotating magnetos-
pheric plasma in the presence of the geomagnetic field.!®!

Polar Cap Field

Heppner* detected a relationship between the polarity of the interplanet?ry mag-
netic field (IMF) and an antisymmetric configuration of the electric convection field.
This is schematically shown in Figure 21. During away polarity of the IMF .(upper
figures), the maximum amplitudes are on the morning side on the northern he:mlsphere
and on the evening side on the southern hemisphere. During toward polarity of the
IMF (lower figures), the situation is reversed.
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According to Friis-Christensen et al.?%, it is the azimuthal component of the IMF
which is responsible for that effect. The electric potential of that polar cap field which
is superimposed onto the convection field in Figure 21 is nearly independent of local
time and is limited to the polar caps. Its maximum value is about 3 to 4 kV at the
poles, decaying to zero at about + 75° magnetic latitude. It is antisymmetric with
respect to the equator and changes direction with changing polarity of the IMF, the
time delay being of the order of 20 min.*’

THEORY

Basic Equations
Electromagnetic Equations
The basic equations are the two Maxwell equations,

3E
VXB = ex— +pj 2D

at

3B
VXB = — — 22
P (22)

Ohm’s law in the general form

i=3-(E+vXB) (23)
together with

V- (eE) =g 24
and

V-B =0 (25)

with E the electric field (in V/m), B the magnetic induction (in T), j the electric current
density (in A/m?), q the electric charge density (in C/m?), e @ ¢, = 8.854 x 10-* F/m
the dielectric constant, u~u, = 1.256 x 107* H/m the permeability, o the electric con-
ductivity tensor (in S/m), B, an external magnetic field (in general, the magnetic field
of the Earth), and v the (nonrelativistic) velocity of the gas, including its plasma com-
ponent (in m/sec).

The Lorentz field v x B, in Equation 23 accounts for the transformation of the

electric field from the frame of reference of the moving gas into the frame of reference
of the observer.

Hydrodynamic Equations

In order to solve Equations 21 to 25 consistently, one must also consider the hydro-
dynamic and thermodynamic equations of the plasma. For large-scale tidal and pla-
netary motions within the thermosphere, it is possible to separate the horizontal wave
structure from the vertical wave structure to a first order approximation, so that only

the horizontal momentum equations are directly coupled with the electromagnetic
forces, e.g., Volland and Mayr:!!!
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with V the horizontal wind of the system ‘‘neutral gas-plasma’, Q = 729 x 105"
the angular frequency of the rotation of the Earth, T the unit vector in the radsal drec-
tion, 6 the polar distance, g, the mean denstty, p the pressure amplitude, g = 9 81
msec ? the gravitational acceleration, and h a separation constant (in m) known as the
equivalent depth

The term 3 % B, 1n Equation 26 1s a mechanical force (ampere force} That term,
together with the Lorentz field in Equation 23, 1s responsible for a feedback between
neutral gas and plasma

Quas-Electrostatic Approach

If one wants to consider only the electrostatic field, 1gnoring mduction effects, one
assumes that 3B/ 3t = 0w Equation 22, from which follows a scalar potential ¢ for
the electric field

E=-Vo an

This greatly simphfies the treatment of Maxwell’s equations, because the feedback
from the magnetic field to the electric field 1s 1gnored, and the number of possible
electric field configurations 1s reduced Moreover, electric fields of different origin can
be combined by simply adding their potentials

In order to esnmate the range of validity of Equation 27, Equations 21 to 23 are
combined as follows (with o = constant and scalar, v = 0)

3B
ZsLloxwxm=0 28
-

2
e,
a 3

If T 15 a charactenistic ume and L £ 2 (a = radius of the Earth) 1s a characteristic

length, one arrives from a comparison between the second and third terms of Equation
28 at

7 >> oul? 9

as the range of pertods where Equation 27 1s vahid

In the lower and middle atmosphere, one finds ¢ < 107 S/m (see Figure 3), and
Equation 29 thus requires T >> 40 sec Within the dynamo layer, one has o = 10
S§/m, so that T >> 1 hr It follows that i the whole atmosphere, with the possible
exception of the maxiumum of the dynamo layer,''"® the quasi-static approximation 1s a
reasonable approach for periods larger than 1 hr

Comparing the first and second terms in Equation 28 yields
s

T >> ‘5’ 7 mmn (30)

mdicating the range of pertods where the displacement current 1n Equation 21 can be
neglected as compared with the conduction current
Current measurements on the ground have to take into account the displacement
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current at periods smaller than about 10 min. Kasemir®' describes a method to elimi-
nate the displacement current from the observations.

Mapping of Electric Fields
Lower and Middle Atmosphere

Outside of thunderstorm areas or other local generators, the electric current is source
free. Potential fields can map up and down within the lower and middle atmosphere
where the scalar conductivity increases nearly exponentially with altitude:

o= gerH 61

From Equations 23, 27, and 31 one derives the differential equation

V(eVd) = 0 32)

With the potential difference between earth and ionosphere developed into a series
of spherical functions P,,,,,:

® =9, T b (@) P @)™ (33)
n,m

one obtains from Equation 32 an equation for the height structure functions h,,.(r):

e e A R
which has the solution

by = (eZ_e™2%) ; (z=r1-2,0%5z% z;) (35)
and

o

2

Feoten VBT o

o, 1/H
The last approximation is valid for large and mesoscale structures

B, = H'n(n+ 1)/a* << 1/4 (36a)

forn < 100.
The lower boundary condition, ® = 0 at z = 0, has been adopted in Equation 35.
The upper boundary condition is the potential at ionospheric heights at z, which is

® =98 P (@™  forn S 100 37)
n,m
because
hyn =h=1-e2H (n £ 100) (38)

\Y
)
3
o~
3

and h(z,)> 1 for z,
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The vertical electric current density 1s

)= _l,_::"_’. ~ _%.tl €3]

and the electric field components become
. _he) 7 Tm ama
Ly = - § Pom o e

~ D) = am <
L= -52 Fome,, Soemt @3 100) “0)
e "

et
- LA
o= T 2 S Pame
n,m

The zeroth order mode (n = 0) 15 the globally averaged potential of thunderstorm
ongin U, = g = 250 kV (see Figure 4) Potential, electric current, and field of the
zeroth maode vary with height according to

@yo(z) = Uy hi2)

A < “H UA = constant “1

N

The essenual features ot this component are the exponential decrease of the vertical
electric field and the constant vertical electric current density With the numbers H =
6 km, and 0 = 5 x 10™** S/m, one arrives at the ground level (z = 0) values of f1|= 2
pA/m?, |E4|* 40 V/m which are the right orders of magnitude for average currents,
fields, and conductivity unmodified by turbulence withm the exchange layer

At the height

z=Hind = 40km “2)

the vertical and the horizontal components of the large-scale fields m Equation 40 have
the same orders of magnttude, and the vertical companent has beea reduced to about
0 1% of its value at the ground

The horizontal components 1n Equation 40 decrease downward The large-scale
fields still possess 90% of therr 1onospheric amplitudes at 14-km altitude Ths 1s Te-
duced further to 50% at 4 km, and at the ground the horizontal components disappeac
Figure 5 shows the equipotental lines of a field of zonal wave number, m = 1, which
depends on local time

For small-scale fields with a horizontal extent 1 < 500 km, the height structure
functions h.. i Equation 35 deviate sigmficantly from their large-scale form (Equa-
tion 38) The result 1s a stronger attenuation of the honizontal Nield downward as ndt-
cated wn Figure 22 ® Here, h(d,2) (applying plane model calculations} 1s plotted vs
alttude z for vartous values of A The curve with A = o corresponds to h in Equation
38 Frgure 22 also takes into account the effect of the displacement current in Equationt
21. The damping effect increases with increasing frequency The upward or downward
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FIGURE 22 Height structure function h (A,z) versus altitude for
various horizontal scales A and frequency scales f. (From Bostrom, R.
and Fahleson, U., in Electrical Processes in Atmospheres, Dolezalek,
H. and Reiter, R., Eds., Steinkopf, Darmstadt, 1977, 529. With per-
mission.)

mapping of small-scale structures (A < 100 km) with small periods (r < 10 sec) is
rather ineffective. The mapping of small-scale structures becomes more complex if the
conductivity tensor in Equation 23 at ionospheric heights is taken into account.-'2-82.83

To date, the most sophisticated calculation of downward mapping of Sq fields (from
Figure 18) and convection fields (such as in Figure 20) is due to Roble and Hays.**
These authors considered in their model the latitude dependence of the conductivity
and also the orography of the surface of the Earth. Since those fields are large-scale
fields, their downward mapping is rather efficient, and perturbations of + 20% in the
vertical electric field on the ground at high latitudes are expected to be superimposed
on the thunderstorm field even during quiet conditions. The perturbations become
larger during disturbed conditions, but are generally highly variable.

Upward mapping of fair weather fields in a two layer model (exchange layer and
above), taking into account the day-night pattern and the influence of mountain areas,
was calculated by Kasemir.s?

Magnetosphere

The very large parallel conductivity at. ionospheric and magnetospheric heights
above about 100 km generally prevents electric fields parallel to the geomagnetic field
lines. The possibility of parallel electric fields is discussed by Stern.'** For most prac-
tical purposes, however, the geomagnetic field lines are equipotential lines of the elec-
tric field, and the electric fields must be orthogonal to the magnetic field lines:

E-B, = 0 43)

For quasi-static electric fields, this implies that the electric potential is parallel to
the magnetic field lines, and ® can be any function of L:
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@ = f(L) 44)

where L 1s the equation of the geomagneti field lines In the case of a coavial geomag-
netic dipole, one has

L= — = 45)
with (r,8) spherical coordinates, and r, the equatonal distance of the line
For instance, a potenual at tonosphertc heights at lattude 8, which depends on

sin""g,e"* | remains constant along the L shell and maps lthe

© = ALMZOMA (46)

1ts electnic field components are

“n
48)
I,= - &
A rung “9)
In the equatortal planc of the here, the 8- J2 disappears, and the
r-component dunimshes to the fraction
Lot tr) = g fry (50)

of its onosphernc value E (r)
Mapping along the real non-dipole and non-coaxial geomagnetic ficld 1s somewhat
more comphcated and needs numerical treatment ¢ 7

Generators of Electric Fields and Currents
The Thunderstorm as a Global Generator

Thunderstorms are considered as generators of electric currents which drive the
slobal electnic current system ' One thunderstorm area 1s believed to contnbute about
05101 A on the average 10 the global electric current With 1000 to 2000 thunder-
storms acting simultancousty on the Earth, one arrives at the measured total far
weather current of about 1 kA

A thunderstorm area can be simulated by a pont source of strength T = 1 A located
at height z, = r,—a km above the surface of the Earth on the avis of a spherical coor-
dinate systemat 8 = 0° **

Totz~20)8(— 1)
s t

[630)

with & Delta functions, X = cos8, r. = a the radial distance of the point source from
the center of the Earth, o, = o(r,) Furthermore

s =35 8 Vg )
0
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with P.(x) the zonal spherical functions. Again assuming electric potential fields, one
need only replace Equation 32 by

Ve(cVad) = Js (53)

We assume the same height dependence of the conductivity as in Equation 31 up to
the center of the dynamo layer at height z,, from where it drops exponentially to zero:

%EeZ/H 02

A

= f
D TR (54)
ge

v

We then develop the potential into a series of spherical functions as in Equation 33.
Because of the location of the point source, only zonal spherical harmonics remain (m
= 0). Region I (0 Z z 2 z,) from the Earth to the source is source free, and Equation
35 is valid:

o = ; Y (eﬁnz/H B e—Z/H> 6> + 05,3 5
Inregion I (z, £z £z,), we write
oy = Z cY)‘(li) {eﬁnZ/H + 2, B z)/H} P, + 06, (56)
n
and in region 111 (z, £ z), the solution is

—(2) B,(2z; —~ 2)/H
P11 =z:“:’n2 ofn @2 =2 Po(\) + 0@,) (57)
n

with O(f,) small terms of the order 8, (8.2/H<< 1 for n < 100). The terms in the ®
are selected in such a way that the boundary conditions at z, of continuous ® and
d®/ 3z are fulfilled. In region 111, it is j. = O for z—>c°. There remain the boundary
conditions at z,, which are continuity of ¢, and

30
9z

3y

dz

z,—0 z,+0

1
=10 = o 3 @n+ 1P (58)
n

where A is the surface area of the Earth. This yields (apart from terms of the order

OIB.D

—) (@n+1HT (1 + 2gne(zi - zo)/H)
(I’l’l = _ Z/H (59)
oA (1 +28e i )
and
E)(’) _ @+ HT (l _ e—'ZOIH)
' 60)

oaln+ 28, M)
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If the upper boundary at z, 1s an electric wall (3, = 0 at z,), the expression, Equation
55, remains the same, and one has only to replace 24, by §i, it Equations 56, 59, and
60
The quantity

s < BL( - oMY = s00v ®1)
° A

15 the globally averaged potential at 1onospheric heights generated by one thunderstorm

(with T = 1 A, z. = 10 km, and the numbers from Equation 41) N thunderstorms
are then responsible for a total global potential of

N AT
Uy = B = D0 < asow ®n

with

o= I3
Ay = A (x - z)
the columnar resistance betwcen Earth and cloud top at z, (see Equation 11) Compar-
1son with Equation 41 and Equation 8 yields

>

o

— NT (63)
A

1Aspl = 1Tq0 =

wndicating an effictency of the thunderstorms of about 80% (N = 1250) to drnive the
global current I, Twenty percent of the thunderstorm current flows dectly downward
to the Earth via the resistance R; in Figure 4

According to Equation 63, the efficiency depends on the ratio of the columnar re-
sistance from the Earth to the cloud top A, o the total columnar resistance & That
efficiency increases if the herght of the cloud tops increases Tropical thunderstorms
thus appear to be more effrcrent than thunderstaorms at higher lacreudes  The efficency
would drop to zero m an almosphere with constant conductvity (H — ), Smee U,
does not depend on the upper boundary condstions, 1t would remam the same if o
should increase indefinitely with altitude

The higher order terms of Equations 55 and S6 are also nearly independent of the
upper boundary within the lower and middle atmosphere

Since §, exp(z./H) << 1 (n S 1) for reasonable z, (z, 2 100 km), these terms may
be approximated by

AT -~z /H -
e AL (l—e ’/H) Patx) 1<
@0 = - for (n<15100) (64)
Al —z, JH — = =
an+ il (l—e %o/ )e My 9 2oL <s,

wdicating n region [ the same height dependence as i Equation 38, and an exponen-
tial decrease of @, 1 region Il corresponding to a current which 1s positive upward
Companson with Equation 52 suggests that the thunderstorm field 1s hmited to the
immediate environment of a narrow, vertical cylindrical column above and betow the
cloud. Evidently, the bulk of the current which flows upward from the top of 2 thun-
dercloud reaches the region of maximum conductivity before 1t spreads horizontally
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FIGURE 23. Perspective illustrations of the calculated potential of the fair
weather field along various constant conductivity surfaces (a), (b), and (c) illus-
trate the calculated potential difference (¢—¢ ) volts along, respectively, o =
4.54 x 10~ S/m (approximately 105 km at the equator), o = 4.74 x 107'* §/m
(approximately 50 km at the equator), and ¢ = 7.3 x 107'* S/m (approximately
25 km at the equator); ¢, = U, is the ionospheric potential. (d) is the potential
$(0,) along 0, = 4.3 x 107'* S/m (approximately 8 km at the equator). (e) 1s the
potential $(4 km) at a constant 4-km height, and (f) 1s the potential $(2 km) ata
constant height of 2 km. (From Hays, P. B. and Roble, R. G., J. Geophys.
Res., 84, 3291, 1979. With permission.)

over the globe.5? The currents use the way of least resistance. The ‘‘exchange layer’’ is
therefore the dynamo region rather than some arbitrarily selected height within the
middle atmosphere.

These estimates are verified by more sophisticated calculations. Hays and Roble*
determined global and mesoscale structures of the thunderstorm field, taking into ac-
count the orographic features of the Earth as well as a realistic distribution of thun-
derstorms. They chose an electric wall as upper boundary at z, = 105 km, and they
considered the geomagnetic field lines to be electric equipotential lines. Figure 23 taken
from Hays and Roble, shows contours of the calculated potential difference ® — @,
at various constant surfaces of the conductivity (o = const.) corresponding to altitudes
of 2, 4, 8, 25, 50, and 105 km, respectively. The thunderstorm regions are considered
to be located between 8- and 15-km altitude. The potential differences above the three
main thunderstorm areas in Africa and Central and South America are positive above
15-km altitude, indicating positive currents upward into the ionosphere. The potential
differences are negative within the thunderstorm areas below 8 km, corresponding to
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downward currents The devration 1s negative in fair-weather regions where the return
currents [low to the Earth Orographic features become important betow 8 km The
regions of deviation from the average potential, which are limited to the thunderstorm
areas at lower altitudes, broaden with increasing hesight Hornizontal differences of even
1 kV are maintamed at 105-km altitude The total averaged potential U, 1s 291 kV 1n
Hays and Roble’s calculations **

It 1s clear that the fine structure of the field in the immediate environment of a
thunderstorm cannot be adequately modeled To discriminate horizontal structures of
the order of 1 km, one would need about 40,000 terms in the series of spherical func-
tions in Equations 55 and 56, a task clearly beyond any reasonable possibility Local
structures of a thunderstorm field wili be discussed 1n the next section

The Thunderstorm as a Local Generator

A current pomt source of strengthT, located at height z, within an infinitely extended
amosphere with exponentially increasing conductivity, has the electric potential m a
cyhindrical coordinate system (g,z)*? of

T expi—(‘/p’ vzt zo)/(ZH)%

@ = (65)

3
"% Veolre-zp*

The streamhines of the currents of such a pomt source, which are radial away from
the source near the ongm, bend to the vertical upward under the influence of the
exponentially increasing conductivity

The effect of the well-conducting Earth can be taken into account by an tmage pomt
source of strength —T located at height ~z, However, only the part

(66)

1 necessary to compensate the downward flowmng current from the primary source at
thie ground so that the 1ol poteniial becomes

(R,+z~zo)%

1 “pi_ 2

413 R,
()]

Ry vz+ 10)¥
2H
Rz

with

Note that® = 0 forz = 01sassumed
The charge of the rest of the image source fills the planez = 0 homogeneously and
1s responstble for a negative vertical homogeneous current 1 regton z > 0 of strength
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FIGURE 24. Current streamlines of a current point source embedded within
an atmosphere with exponentially increasing conductivity over a perfectly con-
ducting earth (upper Figure), and the same point source embedded within an
atmosphere of constant conductivity (lower Figure). (From Kasemir, H. W, Z.
Geophys., 25, 33, 1959. With permission.)

~1, = =T (1 _.oi> (68)
o

That current is the fair-weather current compensating the current of the primary
source, which flows upward above the source, bending downward at infinitely great
heights (or within the ionosphere) away from the source. In this model with infinitely
extended horizontal scales, the fair-weather current diminishes to zero. The effective
strength of the primary source to produce the fair-weather current, which is +1,, cor-
responds exactly to the number AI/A in Equation 63.

Figure 24a taken from Kasemirs? shows the current streamlines of the point source,
Equation 67, with an efficiency of 1,/T=1/2. The equivalent electric current system is
drawn in Figure 4. The resistance R is the internal resistance of the source, where the
part I, of the current flows from the source directly to the Earth (lines 0.5 to 1 in
Figure 24a). The remaining current I, flows upward into the ionosphere and returns
to the Earth within the fair-weather areas (indicated by R, in Figure 4). This latter
part of the current system is not modeled by Equation 67.

Figure 24b gives the current streamlines of the point source within an atmosphere
with constant conductivity. The efficiency is zero in this case, and the current of the
primary source flows directly to the image source so that no fair-weather current exists,

The electric charge of the point source is related to its strength, according to Kase-
mir,5?

0=27 (69)

60 _
%
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where £./a, = T, 1s a ime constant (see Equation 1) With o, = S0, 7, = 33 sec, and T =
1 A, one obtamns Q = 33 C, which 1s a reasonable estimate of the positive charge
accumulation m thunderclouds (see that chapter)

A more realistic model has to account for the negative electric charge distribution
near the bottom of a thundercloud Such a model can be very simply constructed by
the superposition of a positive and a negative source with the strength of the negative
source

a0)

at a height Z, < z, below the positive source, and &, = &(z,) Now, the efficiency of
this dipole source becomes

which 1s smaller than the strength of the monopole However, as Kasemir$? showed,
the reduced electric conductivity within the cloud compensates for that decrease to a
certain extent Any other more complicated source configuration can be constructed
by combining a number of point sources

Holzer and Saxon,*> who also simulated the 1onosphere by an electric wall, consid-
ered the potential of a dipole source 1n a siiiar manner Park and Dejnakanntra®
caiculated the electric freld above monopoles and dipoles and considered the amso-
tropic conductivity of the 1onosphere and magnetosphere Figure 25 shows the hori-
zontal electric field E, vs horizontal distance g of a monopole located at 15-km height
for different heights The field first rises to a maximum and then falls off exponentially
at distances greater than about 50 km As z increases, the E, curve becomes broader,
and the peak moves outward until 1t reaches about 40 km at z = 100-km alutude E,
decreases rapidly with height at first, but levels off near 90 km The narrow range of
disturbance which a thunderstorm produces within the lower and middle atmosphere
1s apparent in Figure 25

At 10nospheric altitudes, the electric field depends sensitively on the electric conduc-
tivity model and on the thunderstorm model, thus suggesting that giant thunderstorms
may be an important source of localized fields that can form field-aligned density
rregulanties i the 1onosphere and magnetosphere *

Tidal Winds
The system of coupled electrodynamic and hydrodynamic equations i Equations
21 to 26 can be solved analytically only 1f severe model restrictions are made For

example, if one assumes a conductivity tensor with constant height-integrated ele-
ments

E=fgd= an

with 3, a Perdersen conductivity and =, a Hall conductivity, and 1if one considers a
thin spherical layer of thickness Az m which the current flows, as well as a coaxtal
geomagnetic dipole field, one can approximate the diurnal symmetne (1,~2) tidal wave
by analytical functrons '°® The electric potential of that wave becomes
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FIGURE 25. Normalized horizontal electric field of current
point source at 15 km altitude versus horizontal distance r (= p)
at different heights. (From Park, C. G. and Dejnakarintra, M.,
J. Geophys. Res., 78, 6623, 1973. With permission.)

Zy
o= _V_—W (72)
Zp

with
V = i(4c — I +4c cos?8) sind
U B.r, .
_0 0 i(at+n) (73)
5
W = —(4c ~ 1) sinf cosé
where
z.B2
1+ 4is/c AzQp,

2. =3, + %%/%, is the Cowling conductivity, B, = 3 x 10™ T is the geomagnetic
field at the equator, U, = 40 m/sec is the wind amplitude at the poles, Q = 7.29 x
107° sec™! is the angular frequency of the rotation of the Earth, r, is the radial distance
of the dynamo layer, and g, is the mean density in the center of the layer.

The electric current system can be found from a stream function . W as

i=Z. Uxwi (14

That current system is mainly responsible for the geomagnetic Sq current.*® With the



104 CRC Handbook of Atmospherics

numbers 3,/Z, = 2 and d = 1, the potential pattern of Equation 72 1s similar to that
of Figure 18 '™ Corresponding formulas exist for the wind and the pressure field of
the (1,—2) tidal wave They approximate reasonably well the exact solutions.

After 1ntegrating Equations 23 and 26 over a meridional circle, the menidional com-
ponents disappear, and the zonal componenls can be written as

U= Op- Rl
Rplp = Yt U 75)
Yp = Rplp

where U, corresponds to the driving force (the solar radration) and 1s an external or
source voltage, U corresponds to the Lorentz field V x B,, I, to the height-integrated
electric curren, U, 1o the polanzanon Held, and fimally

Ry = o L htz
[ i u T
b 'ondp 4By
®
13 f !
R o=-12 4 — ——
P 3 Ro 4Ry

where Rp 15 a load resistance, R, an internal resistance, and R, a complex resistance
related to the polarization field The equivalent current system of Lquation 75 1s shown
m Figure 4 'o7

A dynamo 1n which feedback between plasma and neutral gas 15 taken into account
1s called a hydromagnetic dynamo If that feedback is neglected, and if the wind 15
considered as an external driving force for the current, one speaks about a hmnematic
dynamo The term 4 determunes the feedback If d = 0, feedback 15 neglected, and

= 13
R =0 and R, —TR"

The consequences of neglecting the feedbach can be scen immediately in Figure 4
Now, the source voltage 1s the wind, Un = U, and I, increases with decreasing load
resistance In the case of a short circust, Ry = 0, current becomes wnfinte Oun the
other hand, with feedbach, d # 0, I, and U reach asymptotic, but finite, short circtt
values tf Rp = 0 Thus 1s analogous to a techmical dynamo where the current remains
finte tn case of a short circunt because of the self-inductance of the coil, which 1s space
charge m the atmosphenc dynamo

Numerical calculations of kinematic dynamos based on the generation and propa-
gation of several tidal driving wind systems are due to Richmond et al ,** Mohlmann,*
and Forbes and Lindzen,* The reciprocal approach, 1€, a determmation of winds
and electric fields from the currents which are derived from geomagnetic Sq variatons,
was applied by Kato ** Winds and ¢lectric fields based on that method are now pub-
lished regularly by the Data Analysts Center for Geo 1sm and Sp
of Kyoto Untversity, Japan

Solar Wind Interaction with the Magnetosphere
There does not as yet exist a self-consistent model of solar wind Interaction with the
magnetospheric plasma Therefore, 1n order to describe the magnetospheric elecirnc
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field generated by that interaction, it is often convenient to omit any detailed consid-
eration of magnetospheric plasma convection, and to start with electric field or current
configurations based on observations. This is possible for stationary large-scale fields
with periods longer than several hours.

Electric potential fields have been developed by Mecllwain®® from observed particle
fluxes at synchronous orbits during and after substorms, and by Heppner*! from in
situ electric field measurements on the satellite OGO-6. Numerical stationary models
often follow one of three basic cause-and-event approaches

y - EI ~B
E~Ly -8B (76)

B -1 —E

where j, is the field-aligned electric current density (corresponding to 1, in Figure 4)
which is related to the ionospheric current at dynamo layer heights I via the condition
that the total current must be source free:

i l = ~V-1/sinx an
1
1, is the height of the dynamo layer, y is the angle of inclination of the geomagnetic
field, and B is the geomagnetic variation on the ground caused by the ionospheric and
magnetospheric currents.

Models based on the first approach are those of Yasuhara and Akasofu,''® Nisbet
et al.,”® Nopper and Carovillano,”® and Kamide and Matsushita.*® The second ap-
proach was followed by Kawasaki and Fukushima,®¢ Stern,'®* Gurevich et al.,** and
by Volland.**® The third approach is due to Hughes et al.?¢

Following the second approach, one can construct electric potentials for the convec-
tion field of the form (Equation 46) in several regions of the magnetosphere, which
are symmetric about the equator and which depend on local time t:

o= AL sinG-1) (78)

Since the potential and the ionospheric current must be continuous at the boundaries
of those regions, the field-aligned current follows uniquely if the conductivity tensor
of the dynamo layer is given. A reasonable approximation of the convection field at
lower latitudes is p = 4 in Equation 78. It simulates sufficiently well the observed
electric fields at ionospheric heights (such as in Figure 19) and also the configuration
of the plasmapause within the equatorial plane of the magnetosphere. The parameter
p = —1in Equation 78 is valid at polar latitudes, thus yielding a nearly constant electric
field over the polar cap (8 S 15°) at ionospheric heights, as seen in Figure 19. In the
auroral zone (15° £ 8 < 20°), more complicated analytical functions must be applied
in order to simulate the transition region.'®®

The polar cap field, which is antisymmetric about the equator and does not depend
on local time, can be simulated in a similar way. The reader is referred to Harel et
al.’® for time-dependent solutions treating substorm conditions.

The electric fields and currents cause Joule heating at thermospheric heights. That
Joule heating is responsible for the generation of neutral winds, which in turn can
cause secondary electric fields and currents via dynamo action. Blanc and Richmond?®
calculated these winds and their associated electric fields and currents and showed that
they may have an appreciable influence at lower and middle latitudes.
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INTRODUCTION

In 1952 Schumann suggested 1n a series of papers' * that the surface of the Earth
and the lower edge of the 1onosphere form the boundaries of a cavity resonator He
calculated resonant frequencies' and attenuation factors? predicting a lowest resonance
of the order of 10 Hz and a cavity Q of about 12 Between 1954 and 1959 Schumann**
further amplified his theoretical work and he and his student, Komg,* ” published the
first experimental data showing that such resonances can actually be observed In 1960
Balser and Wagner®? obtained spectra based on more elaborate processing of § to 35
Hz natural electric field noise and gave values for the first five resonant frequencies
of 8, 14 1, 20 3, 26 4, and 32 5 Hz Their data, obtained on June 27 and 28, 1960,
gave a cavity Q of about 4 at the lowest resonant frequency

Since then considerable theoretical work' ¥ on Earth-1onosphere cavity resonances
has been published Summaries of the theory are contained 1n books by Wait* and
Galeps ' The most recent developments are due to Bhokh,*® Gretfinger, Tran,® *
Booker,” and Behrooz: *7 In addition experimental observations of both electric and
magnetic noise fields at several locations® ' have led to data on drnal vanation of
noise amphtude and spectral content ** 2 4 5031 Such data have also been used to ob-
tan information about the distrtbution and imtensity*s *® 52 of the lightning activity
which ss responsible for the excitation of the cavity and for extracting some forma-
tion on the vanation of electrical conductivity with altitude 24 54 5%

In the following sections theory, expenimental techniques and experimental results
will be reviewed

THEORY OF THE CONCENTRIC SPHERE RESONATOR

Resonances in a Cavity with Sharp, H , Isotropic Boundare:

Referring to the coordinate system of Figure 1 and using the nomenclature generally
employed for electromagnetic systems with spherical symmetry, we call those modes
which have no radial component of the magnetic field ““transverse magnetic” (TM)
and those for which E, = 0 *‘transverse electric” (TE) When the free space wavelength
A1s large compared with the distance (h) between two concentric spherical shells, only
the lowest order TM mode can propagate ** This 1s clearly the case at ELF (1 = 30,000
hm at 10 Hz) in the Earth-ionosphere cavity (h ™~ 100 km) Calculating the cut-off
frequency of mades with zero electric field m the vertical direction, within a parallel-
plane waveguide of herght h, shows that TE modes are not sigmficant mn the Earth-
1onosphere cavity at ELT (except in the immed:ate vicinity of a radiating source) That
cut-off frequency®® 1s

P m

where ¢ = (l/\/};-) = veloaity of light in vacuum This gives f, = 1500 Hz when h ™V
100 km Since the attenuation 1 a wavegwide well below cut-off** 15 approumately
equal to 2n/cut-off wavelength, the attenuation for TE waves in the Earth-ionosphere
cavity well below 1500 Hz 1s of the order of 200 to 300 dB/1000 km Ths 1s to be
compared with a calculated and measured attenuation of the order of 0 5 dB/1000 km
for the lowest order TM mode at 8 Hz

It follows from Maxwell's equations™ that the TM fields can be expressed in terms
of a scalar function y which satisfies the scalar Helmholiz equation

(VP + Ky = 0 Q)
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FIGURE 1. Spherical coordinatesr, 6, .

where k = w(ue)™"/? is the complex wave number of the medium in which wave prop-
agation takes place. The fields are given by

2z
E = = (5+%) av) 3)
Jwe \pf?
k 82
E, = 4
6 jwer 3rao (y) “
3 a2
E = e P, 5
¢ jwersin 6 3rog ) ©)
Hy = — 2 ®
sin & °¢
Y
H, = -k — 7
" =2 (7
H =0 &)

T

For the cavity with azimuthal symmetry /8¢ ( ) = Oand E, = H, = H, = 0.
Furthermore in this case the last term in the expression for V2 below vanishes

1 . 9
V’\p = i _a_. (1-2 M 4 ..a_. sin ¢ ._4.{
r? dr or r’ sin 9 96 Y]

)
51 3%y
r’sin ¢ g2
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such that E, from Equation 3 can also be written, using Equation 2 and Equanon 9

Kk ﬂ)
E, - (smo - 10)

rwe sin 6

Solutions of Equation 2 can be expressed as sums of products involving spherical
Bessel or Hankel functions,*® Associated Legendre Polynomials P*, (cos 8) and trigo-
nometric functions

N oo

cos m¢
MDY nn_mz"(kx)P':(cma){ an
m=0 n=0 sin mo
or for the cavity with azimuthal symmetry as
o
v = Z Dz, (kn)F, (cos 8) (12)
n=0
where
2, (ke) = 1 (ke) + byn, (ke) a3)

and the constants D, and b, must be found from the appropriate boundary conditions
For the cavity with perfectly conducting walls neither the origin (r = 0) norr =
are included 1n the region where the field 1s evaluated and therefore the radial funcuon
can take the form of Equation 13 with b, and D, real numbers In the more general
case, mvolving a finitely conducting ground and a realistic model for the tonosphere,
z,(kr} becomes a combmnation of Hankel functions

agh$ 0 0<r<a
2,6kn) = {h (k) + b, 1) (k) a<rs (a+h) (14)
et o) r>(@+h

where ht? (kr) and h2 (kr) represent, respectively, incoming and outgoing waves and
ke, k, and k, are the wave numbers for the ground, air, and the 10nosphere

The series of zonal haromonics Equation 12 converges very slowly, although 1t can
be used at ELF to obtam useful field expressions'® * employing 2 ka to 10 ka terms *
Another approach, which 1s particularly useful 1f calculations are to be extended to
higher frequencies, mvolves the Watson transformation as described by Wait® {p 110)
where the summation of Equation 12 1s replaced by a contour integral The residues
of that integral are evaluated at the poles of the integrand v, The result' (p 157)1s

V,0) = 3, Dz, (k)P (~ cos 8) as
v
where the argument — cos 0 rather than + cos 8 has been chosen to assure that P, has

singularties at the source (8 = 0) and not at the antpode (6 = =) * *° The radal
functions 2,(kr) are given by Equation 14 with v replacing n
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FIGURE 2. Geometry of Earth-ionosphere cavity.

The factor D, is obtained by requiring that y reduces to the proper form at the
source atr = r, (Figure 2).

Ids e—ikr
471'1'0k R (16)

Yolr, 8) =

where 1ds is the current moment of the source and R the distance from the source

— 1
= (15 + 1* =21, cos 8)/1 a7

Employing over the neighborhood of the source the approximations z,(kr) = z,(kr,)e™**
=land (I/R) =1, (n* + 6*)7V2, where — e <n< + g £ < 1, theresult’ (p. 160) is

Jids Z z,(kr )z, (kr) P,(— cos 8) s

’ 9) =~
v 0 2kh z,(ka)z,(ka) sin v n (18)
n=0,1,2
where the z, () are functions of n'* (p. 158) and

5 = ! 19

n sin 2khC,

P —

2khC,_

and C, is the cosine of the angle of incidence for the nth mode. Also d, = ¥ and d, =
I(n # 0).

It has been pointed out**'s that at ELF when h < A only the n=0 mode in Equation
18 is significant. Thus

jlds  Zlkrg)z,(kr) P,(— cos )

v, = -
4khr, z,(ka)z,(ka) sin v

(20)
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We now make the approximation r =1, = a and note®* *° that

P P,(-cosg)
—— —— + - =
i [ 55 + v+ 1)P(~cos8) = 0 21)

Combination of Equations 10, 21, and 18 then gives

P, (- cos &)
_ Kk Ids v
B ® e wan Y o @

Using the expansion formula®™ (p 164)

B, (—x)
v = _1 __ntl__p g 23)
P T Efnnt -1}
we obtain
ds v -
s vy + 1) 20+t
E =
4 4na’ewh Azpnm+1) - v+ 1) Fy(cos 0 @9

Referning to Equations 4 and 20 and considering first a cavity with perfectly conduct-
ing walls, 1t 1s clear that E, = 0 at the boundaries requires

2 Py~ cos 8)
zykt) ———— | = 0 at g =a 25)

3r3e s om

£ =a+h

At ELF the radial functions may be approximated either by exponentials'® or by a
Taylor sertes expansion ** > Employing the Taylor series expansion one obtains* for
perfectly conducting boundaries at r = a, (a+h) the following relation for the eigen-
values v of this problem

p@+1) = (ka)* 26)

The Schumann resonances are then those frequencies for which the denomnator 1
Equation 24 becomes zero

“ne = V0T D) @n

The subscript ® 1s used to indicate that this result 1s applicable only to an Earth and
1onosphere with infinite conductivity The first four frequencies are

fae = 75V n(n+1) = 106, 1836,256, 33 54 Hz

If the boundaries of the cavity are not perfectly conducting, the condition of Equa-
tion 25 1s replaced by the requirement for continuity of E, and H, atr = aandr =
a+h If only the ground (r = a) remains perfectly conducting — a reasonable approx-
mmation at ELF where, for example, the ratto of conduction current to displacement
current (o/cc) = 10° at 14 Hz even over dry land (o = 10~ S/m) — Equation 25 still
applies at r = a or, equivalently, the surface impedance of the ground Z, = 0 How-
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ever at r = a-+h, the surface impedance Z, = (E./H,) at the lower boundary of the
ionosphere is in general a frequency dependent complex number determined by the
properties of the ionosphere. In this case®® Equation 26 must be replaced by

v+ 1) = (ka)? [1 - jZy/(nki)] 28)

wheren = (u/e)""? and k = w (u.e,)'"?.

Since the values of v given by Equation 28 are now complex, |E,| given by Equation
24 now remains finite at the ‘‘resonances’’ which are defined as the maxima of |E,].
Several of the pertinent papers®® and books'*'® also employ a complex propagation
constant defined by

kS, = a+jp 29)
vivt+t1l) = (kaSv)2 30)
where S, = sin y, and y, is the ‘‘virtual complex angle of incidence’’** at the lower

boundary of the ionosphere (y, would be the actual complex angle of incidence only
in a parallel plane guide without curvature®?). With this definition

8 c free space velocity
ReS, =1 = 2 =
v k v phase velocity in guide @D
=2 =4,5
mS, = % = o2 (32)
a ~ 1.36 Imy dB/Mm (33)

Since typical values®® of v for a realistic ionosphere are usually such that Re S, »
Im S, (for example v = 1 — j0.2 and ka S, = 2 — j0.3 near 10 Hz), the ‘“‘resonant
frequencies’’ or maxima of Equation 24 are given by

1
Wheo 7.5[n(n + l)]/2
w

(34)
ReS,,

and typical observed values of the lowest resonant frequencies®S are approximately
8, 10, and 14 Hz. The spectra take the general appearance illustrated by Figure 3 and
the cavity Q, which is inversely proportional to attenuation, may be related to the
widths of the resonance peaks.

Q is defined as the ratio of the product of w and energy stored per cycle to the
average power dissipated with steady sinusoidal excitation. When the numerical value
of Q is high (>10) this analytical definition is equivalent to the experimentally useful
definition of Q = (resonance frequency)/(bandwidth between half power points).
Based on the analytical definition, Galejs*®-¢* derived the following expressions appli-
cable to the Earth-ionosphere cavity

(ReS)? + 1

= 7 35)

Q 4(ReS) (ImS)
= ! 36
Q 2 (Re8)(ImS) 36)
Re S 37

T 2(m 8)
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FIGURE 3  Spectrum of the vertical electric field (E*) obtained near hingston,
R | showing first five Schumann resonances

In Equation 35, both the electric and magnetic stored energies are considered, n
Equation 36 only the stored magnetic energy, and in Equation 37 only the stored elec-
tric energy Equations 35 to 37 were derived by considening only the leading terms
(1 e, resonance terms) in Equation 24 But since Q 15 below 10 for the Schumann
resonances, the terms 1n the series expansion just above and below the nth resonance
term significantly affect the actual power spectra and expresstons mn Equations 35 to
37 give different values from the “*operational’ 3 dB-point definition of Q which was
applied by Jones”? ** to the frequency-dependent part of Equation 24 All of these
defimtions are mutually consistent only if Q 1s high, 1n that case Re S = 1 and Equa-
tions 35, 36, and 37 are obviously identical For the Schumann resonances, when Q 1s
usually well below 10, the 3 dB defimtion gives, however, a value which 1s less than
any of the other defimitions **

When the object of an mvestigation 1s to relate experimental power spectra to at-
mospheric parameters 1t 1s probably best not to employ any of the above defimtions
Instead 1t can be shown by numerical experiments®s that Imv 1s simply related to the
width of the experimental data at the 90% level (1 e , at |E(w)|* = 0.90 |E(w.)[)

Resonances 1n a Cavity Bounded by a Radially Inhomogeneous but Isotropic *‘lono-
sphere’’ Extending to Ground Level

Layered 10nosphere profiles?? 2 and profiles in which the electrical conductivity var-
ies exponentially with herght'* have been used by various authors to obtain analytical
models which give resonance spectra similar to those observed experimentally Follow-
ng the theoretical development of Wait''? st has been shown by Tran and Polk¥
that the approximation of planar stratification 1s adequate for the computation of the
lowest three ELF resonance frequencies to within 0 1 Hz However, planar stratifica-
tron will lead to errors i cavity Q or wave attenuation with mcreasing frequency (1 5%
at 10 Hz, 23% at 45 Hz) Fnally, cc 10n of ¢ fr to within 0 1
Hz requures the extension of the lower boundary of the ‘“‘ilonosphere™ to a height where
the ratio of conduction current to displacement current 1s less than 0 3, this means
that the height of the lowest layer in the stratification illustrated by Figure 4 becomes
about 30 km at 7 5 Hz Computation of wave attenuation and Q also requires that
the nonzero conductivity even of that lowest layer,™ g, ~ 3 3 [10™"]S/m, be taken nto
account.
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FIGURE 4. Geometry of stratified ionosphere.

The computation of the eigenvalues v still involves Equation 28, but the surface
impedance Z, at the top of the lowest layer in Figure 4 is modified to take into account
the effect of all the higher layers. Each of the M layers is made so thin that it can be
considered homogeneous — that is its thickness is made much smaller than the local
wavelengths. The uppermost layer is chosen at an altitude where the change of conduc-
tivity has no calculable effect on the waves in the cavity and therefore any inhomoge-
neity beyond this layer is disregarded. Thus the M’th layer is assumed to extend to
infinity with constant conductivity, therefore no downcoming (reflected) wave needs
to be considered in this layer. For each of the other layers the solution of Equation 2
takes the form of Equation 15 with a single value of v; thus for the jth layer

¥y = ol o) - b (ko) By, (— cos 0) (38)

The tangential electric and magnetic fields E, and H, must be continuous across all
boundaries. This is equivalent to the continuity of the surface impedances

Eg - Eg.
7y = s -2 39
Hyj+1 Hy i

which leads to a very complicated expression® for Z, containing Z,.1, n,v1 = V fe1/€,01
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and the spherical Hankel functions h," h./® with arguments (k,., 1) and (k1) as
well as their loganthmic denvatives In’ [k,ir,h, ¢ (k,.it)] The latter are given by

HOO) o
I’ [z ng)(x)(z)] - n_ :‘;z/)z .
Wl @

Details of the precautions which must be taken 1n evaluating these functions numer;-
cally have been discussed by Tran *

As pointed out above, spherical straufication 1s only needed for the evaluation of
cavity Q or attenuation, or 1f the resonance frequencies must be evaluated with an
error of less than 0 1 Hz Differences obtamed® when comparing Re v evaluated by
the much simpler planar stratification' ** with the results of spherical stratification
were less than 0 5% below 30 Hz

Wait” (p 321) using the second order or Debye approximation for the spherical
Hankel functions showed that the surface impedance Z, at the lower boundary of the
10nosphere can be evaluated by modeling the 1onosphere as a plane stratified medium
However that approximation requires

—"lll << 1 @n

ks

Jorn] >>1 (42)
|k >>1 “3)

and for frequencies below 50 Hz neither Equation 42 nor |ka| » 1 are sausfied, never-
theless results obtained by planar stratification® do not deviate greatly from those
obtained by the more appropriate spherical stratification

Another approach® to calculating the eigenvalue which gives phase velocaty (and
resonance frequency) as well as attenuation within the cavity consists of an approxi-
mation which assumes that details of the conductivity profile are important only in
two limited altitude ranges the lower where conduction current and displacement cur-
rent are equal (0 = we,) and the upper where the character of the propagation process
changes from wave-like to diffusion-like That latter height, h,, 1s shown to be given
by 4 pwot? = 1, & being the conductivity scale height (1 e , the distance over which
o changes by a factor e*) at h, Calculations using this approach have been published*!
only for frequencies of 50 Hz and 100 Hz — above the Schumann resonances — but
should also give useful approximate resuits at lower frequencies At 50 Hz and 100 Hz
the results for phase velocity and attenuation agree very well with those obtamned by
more standard full-wave calculations

Realistic conductivity profiles are needed with all of these methods for the evaluation
of the eigenvalues v (or S = krv) Here one notes that over the entire Schumann reso-
nance frequency range the wave frequency 1s always far smaller than the collision fre-
quency in the lower 1onosphere The effective electrical conductivity of the 1onosphere
plasma can then be obtained** from

Nye?
o = Zk: F:Tk “4)

where N,, m,, u, are the number density, mass, and collision frequency of the kth 10n
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species, and e is the electronic charge (all particles are assumed to be singly charged).
Collision frequencies can be calculated from the following equations®® ¢¢

Ug = Ugp + Uej (45)

(46)

where the subscripts e, i, and n refer to electrons, ions, and neutral particles.

u,, = (5.4) 107 N T"?
u, = (2.6) 1075 N M;""? @n
Uy = (10°)(59.0 + 4.18 log,, T>/N )N, T2

T is the temperature in degrees K, N.,, the number density per m?, and M, is the ionic
molecular weight, which is chosen to be 29 for all illustrations used in this chapter.
Values of N, and T are tabulated in the U.S. Standard Atmosphere®” and the iono-
sphere is assumed to be neutral (N. = N_ + N,); some typical values are also given in
Table 1. Below 60 km ionic conductivity becomes significant?* ** and ions rather than
electrons are primarily responsible for the conductivity below 50 km. Galactic cosmic
rays are probably the most important source of ionization at these elevations®® and
available ion density data have been obtained by measurements from rockets,*-7° bal-
loons,”"’2 and rocket launched parachutes.”® Data on electron and ion densities, tem-
perature, and collision frequencies are also given in Whitten and Poppoff’® and Banks
and Kockarts.””

An analytic approximation to the electron density profile of the D-, E-, F-1, and F-
2 layer has been derived by Booker.”* His purpose was to obtain a profile without
discontinuities of slope which cause difficulties in evaluating exact solutions for prop-
agation of waves through the ionosphere. Booker’s published analytic profile’ for the
day ionosphere starts at 55 km and that for the night ionosphere at 80 km; however,
the method can be applied to fit a variety of experimental data. No attempt was made
to evaluate positive or negative ion densities at lower elevations in this profile, but
Pappert and Moler™ in a related paper concerned with ELF propagation at 75 Hz
summarize results of ion and electron density data down to ground level.

Effects of the Earth’s Magnetic Field

In an ionized medium which is subjected to a steady magnetic flux density B.,
charged particles acquire velocities perpendicular to the applied fields and as a conse-
quence the complex dielectric permittivity £ or the complex conductivity o assume ten-

sor form.®-7° If we use rectangular coordinates with the z-axis along B,, the compo-
nents of o are given by

<o> = <>+ <> = wl[]+wh ] 48)

where the squares of the jon and electron plasma frequencies w,, and w,. are

Zl1el* N; 2
&)2. = _._____l ! w2e = lel N (49)
pi m; €, p m €,

and Z, = number of electronic charges per ion; e = charge of electron; N,, N number
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of jons and electrons per m*, m,, m 1on and electron mass, &, = drelectnic permittivity
of free space and

U+ jw -0 o
(o + ) + 0 (u+jw)’ + 0?
<o > T whety (50)
o u+jw )
()t + Qf (u+jw)* + 0?
1
0 0 freyes

u = electron collision frequency u, as defined by Equation 45, and @ = electron gyro
frequency = B,e/m The form of <o,>1s identical to that of <e,> with u, replacing u
and Q, = (BZ.)/m, replacing Q It 1s obvious that for u » w and @ = 0 the off-
diagonal terms in Equation 50 vamsh and <o> reduces to the scalar value given by
Equation 44 so that current density and electric field are related by T=0E= (o +
Jwey) E where o, and £, = £, are the real parts of the complex conductivity o and
complex dielectric permittivity € As Mlustrated in Table 1 u » w and u, > w are satisfied
at all elevations which are of interest at ELF below 50 Hz Also at very low elevations
(h < 50 km) u > Q and u, > @, are satisfied However, 1t 1s clear from Table I that for
higher elevations, for example at 75 km, u ~v Q such that the components of J trans-
verse to B, are modified Exammation of Equation 50 indicates that the diagonal terms
0., and o;; with and without B, field (without B, 0,, = 0;; = 0;,) are related by

o
[T [H“_:] u s> w 633}
5

T3

and that the off-dragonal terms, the ‘‘Hall”’ conductivities, are related to the 1sotropic
medium conductivity a,, by

&)
fa,,l ~ vy

o H—ﬂ—)T u>>w (52)
o

Thus one would expect that at elevations where Q/u becomes significant, the presence
of the magnette field might affect propagation However, propagation nside the cav-
ity, that 1s prapagation at very low elevation, 15 only affected by reflection of waves
from the upper boundary One must therefore look primarily for effects of B, upon
the reflection coeffictent For TEM waves 1n 1sotropic media the reflection coefficient
R = (Z=1,)/(Z +n.) 15 given, when the medm with impedance Z 15 a very good con-

ductor,* by
w
R=~1-2 v ] (53)

Consequently for shght deviations from the 1sotropic case, one would expect differ-
ences 1n R due to changes mn conductivity to be roughly proportional to the square
root of the quantity

o ol L W
—2 = _w‘ (54)
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where

o

53)

€
|
<&

Propagation 1n the cavity, where the B, field 1s parallel to the E field or transverse to
the direction of propagation (in the Earth-tonosphere cavity at high latitudes), should
therefore depend upon both parameters, w, and Q./u where

Qp = 2sna {56)

a = angle between direction of propagation and B.

Before proceeding to a discusston of quantitative results obtained by computations
which are directly applicable to Schumann resonances in the Earth-1onosphere cavity
1 the presence of B,, we note also from Equation 50 and Ampere’s law, ¥ x f =
Jw<e>E = <o>E (where ¢, and o, are complex), that changes i the diagonal compo-
nents of <o> affect only the field components 1n one type of propagation mode Thus,
for example, for propagation of a TE mode (E, = 0) mn the x-direction (transverse to
B.) indicated by exp i(wt — k,x) and a ttme varying H 1n the z direction

aH,

ax

=k H, = 6, E, when a3, = 0 ()

On the other hand the off-diagonal terms in <e> produce mode coupling Thus starting
with the same TE mode (E, = 0), we find that H, propagating mn the x-direction 15
related to E, and to an E, of a TM mode when 03, # 0

3H

z

Fri siH, = 0,E, +ouEy 8

In general, an electromagnetic wave entering the 1onosphere 1s traveling at some
arbitrary angle to the magnetic field of the Earth The index of refraction

_ velocity of wave in vacoum

59
phase veloaity 69
1s then given by the Appleton-Hartree formula's 1 ¢s 76 80
= X
W= 60
1,2 14 % 60
2 T 2T
1~3Z N 4 2
1-X-yz jo-x—zp 'L
where
w? a
= “pe u
X = :z Z== Y=o Y, =Ycsa Yp=Yue

At ELF only the case Y > 1 15 of interest When propagation 1s perpendicular to the
magnetic field Y; = 0, Equation 60 gives two values
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X
2_' — ——
and
2 _ X
wi=1- — (62)
1 —jZ - —
1-X-—jZ

The value of uo given by Equation 61 determines the behavior of the “‘ordinary’” wave
in which electron motion is not affected by the magnetic field of the Earth, po being
independent of Y. The value of u, determines the behavior of the ‘‘extraordinary
wave’’.

When propagation is parallel to the magnetic field of the Earth (“‘longitudinal’’) Yr
= 0 and Equation 60 reduces to

229 X 63
B 1 1-jZ+Y (63)

The minus sign in the denominator in this case implies a real value of y forall Y > 1
when Z = 0 which is the Whistler mode.?°-®2 It can also be shown’? that the longitudinal
mode is circularly polarized and that the indices of refraction for the two waves of
opposite circular polarization are given by the two values corresponding to + Y in
Equation 63.

A very detailed discussion of Equation 60 with consideration of many possible spe-
cial cases has been given by Budden.®® The application of magneto-ionic theory to
reflection from stratified media with particular application to VLF and ELF has been
carried out in considerable detail by Galejs'® and Wait.'* We use here Wait’s quanti-
tative results for the evaluation of the reflection coefficient in a stratified magneto-
plasma as applied to the Earth-ionosphere waveguide or cavity.

Using Booker’s ‘‘quasi-longitudinal’’ approximation® for the case when the mag-

netic field of the Earth is steeply dipping (applicable at medium and high latitudes)
Wait shows that at ELF

r
Attenuation with magnetic field cos (.2—)

! Attenuation without magnetic field (cos 7)!? ©4
where
tanr = 2 cosa 6
. (65)

We note then from Table 1 that tan t will always be below 1 at an altitude of 45 km
and reach 3 only at very high altitudes. The values of A, corresponding to tan T = 1,
2 and 3 are 1.10, 1.27, 1.44. Since Equation 64 with tan 7 > 1 should apply only to a
small part of the reflecting surface which is effective at ELF, the effect upon attenua-

tion or cavity Q averaged over the entire cavity should be less than that indicated by
these numbers.

Equation 64 is only valid when

(66)
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where @, = Qcosa When Qr1s large, for example for propagation along the magnetic
equator, Wait'® shows that the reflection coefficient from the plane boundary of a

magneto-ionic plasma is

R=-5-2 67

where C = cosine of complex angle of mcidence, and

a= [ﬁ]y‘xx 68

Wy
with w, as given by Equatton 55 and

Y Nlw\%: o
v a0 BONE BT/ W
Py o e i Rrs

(.,,1)’_2*11

X, = ©9)

i1
wp uiw?

The value of 8, corresponding to S, of Equation 29, which gives attenuation and phase
velocity 1s

S= [I ~J k—Ah]% (70)

Substituting values of (R,/u) < 2 and w, = 5(10°%) for 75 km, as indicated by Table 1,
and o < 63 (frequencies < 10 Hz), shows that phase velocity {or resonance frequency)
and attenuation (cavity Q) are affected only by a few percent, but that the effect 15
greater at 20 Hz than at 10 Hz

In a sertes of papers Large and Wan® * extended the theory outhned above and
applied it directly to the problem of ELF resonances i the Earth-tonosphere cavity
The theoretical work which probably comes closest to achieving a reahstic representa-
tion of the physical situation®” treats a ring magnetic source which includes excitation
by a vertical electric dipole as a special case All 1omization below 50 km was disre-
garded to avoid excessive difficulties in the numercal evaluation Conclustons of this
paper are

1 In agreement with what was derived from Equations 67 to 70 magnetic field ef-
fects become larger as the frequency increases

2 The geomagnetic field has more mfluence on the cavity resonances over the mght
than over the day hemisphere

3 Coupling between TM and TE modes due to the geomagnetic field produces no
calculable effect when a typical day-time 1onosphere conductivity profile 1s used
For a night-time 10nosphere profile, mode coupling lowers resonance frequencies
by about 5% and cavity Q by about 10% (The Q for a mght-ume ronosphere
extended over the entire Earth 1s considerably lower, even without the effect of
B,, than the Q for a day-time 1onosphere }

In a recent paper, Booker and Lefeuvre® used an approximate approach which ne-
glects the curvature of the Earth and mnvolves the phase-integral method® above 2
critical reflection level to calculate ELF phase veloctties and attenuation rates Propa-
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gation of ordinary and extraordinary waves is considered, but coupling between these
waves is disregarded. Collisional absorption below the reflection level is also taken
into account. Although the paper is concerned primarily with propagation at higher
ELF frequencies (above 45 Hz), Schumann resonances are considered as a limiting
case. Higher than experimentally observed attenuation at 7.5 Hz is predicted ‘‘not
because of undue leakage of energy through the E-region in association with the low
night-time ionization density . . . but because electronic and ionic collisions caused
too much absorption of energy below the reflection level.”” Booker and Lefeuvre state
that, ‘‘to avoid this, it is necessary to give the E-region a sharp bottom at night’’ (at
about 90 km) “‘similar to that existing during the daytime at 80 km.”’

Greifinger and Greifinger®' have extended their approximate method for the evalu-
ation of ELF propagation parameters which was discussed in ‘‘Resonances in a Cavity
Bounded by a Radially Inhomogeneous, but Isotopic lonosphere Extending to Ground
Level”’ above to include the effects of a steeply dipping magnetic field.*® As before
they derive two critical heights: h, is the altitude at which the conduction current par-
allel to the magnetic field is equal to the displacement current; h,, defined in the section
just mentioned, is the altitude where the absolute value of the local reciprocal wave
number becomes equal to the local scale height of the refractive index. Concerning
Schumann resonances they conclude that ‘‘although all of the heating dissipation takes
place in a narrow altitude region around h,, the local attenuation rate (i.e., the ratio
of the local heating rate to the horizontal flow rate at the same level) is an increasing
function of altitude. Thus an unweighted average of the local attenuation rate will
exceed the actual horizontal attenuation rate. For a given profile, the difference be-
tween the two values increases with decreasing frequency due to the lowering of the
altitude h,. This perhaps accounts for the difficulty experienced by Booker and Le-
feuvre®® in reconciling the observability of the nighttime Schumann resonance with
generally accepted nighttime profiles.”’

Bezrodny et al.?® in their analysis of the Schumann resonances in a cavity with an-
isotropic boundaries predict resonance line splitting of the first resonance into three
lines at 7.6, 8.05, and 8.5 Hz when the ratio of gyrofrequency to electron-neutral col-
lision frequency is 0.5. However this result is obtained by assuming a radial magnetic
field of constant amplitude over each hemisphere which abruptly changes sign over
the equator — an assumption which probably greatly exaggerates any real effect. Fur-
thermore Bezrodny et al.?® point out that despite the predicted “‘line splitting’’ the
actual observable resonance spectra, such as Figure 3, should be ‘“‘smooth”, i.e., have
single resonance peaks, because the low Q implies that the separation of the split max-
ima is smaller than the individual line width.

In view of the many approximations which must be made in evaluating the effects
of the magnetic field of the Earth upon the Schumann resonances — for example,
planar stratification of the ionosphere, neglect of ionization below 50 km and specifi-
cation of B, with constant magnitude and dip over the entire cavity — and the very
small changes in resonance frequencies and Q predicted by these anisotropic iono-
sphere models, it appears that analysis employing an isotropic ionosphere is useful for
comparison of theory with experimental results in this frequency range. However, in
view of the prediction that the effect of the magnetic field of the Earth upon the Schu-
mann resonances should become larger as the frequency increases, it is desirable to
employ only the lower part of the spectrum (below 20 Hz and preferably below 15 Hz)
when the isotropic theory is used to deduce from experimental data information about
upper atmosphere or ionosphere conductivity, or about the location of excitation
sources as discussed in ‘‘Interpretation and Use of Data®’, page 155.

Effects of Lateral Inhomogeneities
The real ionosphere varies not only with height, but also in the ‘‘horizontal’’ direc-
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FIGURE 5 Idealized amplitude distri-
bution for first and second resonances
(perfectly conducting boundares, single
source at @ = 0)

tiom, 1 e , with latitude and longitude Substantial differences exist between the day
and might hermispheres above about 50 km where 1omzation s due to solar rather than
cosmic ray radiation In addition, electron densities (and 1on densities at low altitudes),
as well as magmtude and direction of the magnetic field of the Earth, vary with lat-
tude During solar disturbances which give rise to “PCA’* (Polar Cap Absorption)
events, the 1onosphere down to latitudes of approximately 60° can be profoundly mod-
1fied

Effects of various lateral inho ties upon the resonances have been
analyzed in considerable detail by Madden and Thompson? and by Large and Wait ¥

Madden and Thompson proposed a two-dimensional network 1n which the constants
of individual sections of the Earth-ionosphere TM, transmission line are represented
by lumped parameters They outhned methods for numerical evaluation and analyzed
errors resulting, for example, from using a 10° by 20° gnd They also predtcted
changes n the lowest (8 Hz) resonance frequency due to a typical SID event (pertur-
bation over one third of the surface of the Earth on the dayhght hemisphere) of 01
Hz to 0 6 Hz depending upon the observation point Similarly predicted changes due
to the July 2, 1962 “*Starfish>> high-altitude nuclear explosion (perturbation over one
third of the surface of the Earth on the mght hemisphere) were also 0 1 Hz to 0 6 Hz,
while a typical PCA event (more intense perturbation restricted to the auroral zones)
gave shifts of 0 1 Hz to 0 2 Hzn the lowest resonance frequency

Frequency shifts due to 1onosphere perfurbations are not umform over the entie
Earth, because the observable “resonance frequency’” itself, as defined below Equa-
tion 26 and by Equation 34, 15 not constant over the entire Earth The P,(cos 6) terms
multiplyimg each term 1n the summation of Equation 24 are obviously functions of the
angular separation 8 between source and receiver, therefore the resultant sum, which
contains terms of significant magnitude corresponding to values of n above and below
the n of Equation 34, peaks at shghtly different frequencies depending upon the rela-
tive position of source and recewver This effect 15 illustrated by Figure 5 and discussed
n more detail below in **Location of Major Thunderstorm Regions **

Madden and Thompson?* also discussed the “‘mode spliting’* which 1s predicted by
Equation 11 for a cavity which 1s nonumform in the azimuthal ($) direction Depending
upon the type of nonuniformity each single term multiplying P.{cos 8) 15 replaced by
several terms, each containing (stn m ) P (cos $) or (cos m $) P (cos §) Madden
and Thompson conclude that the hne-splhitting, though present, will be masked 1n view
of the low Q values which are charactenstic of the Schumann resonasnces

Qah
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Large and Wait* analyzed several models: (1) constant surface impedance over each
global hemisphere with the ‘‘day-night’” boundary at 8 = n/2; (2) surface impedance
varying continuously with 8 corresponding to the variation with 8 of a dipolar magnetic
field with ““day-night’” boundary at 6 = n/2; (3) surface impedance depending upon
6 and ¢ (day-night boundary at an arbitrary position with respect to source). Numerical
results were given for (1) and (2). One particularly interesting result obtained from (1)
was that the field strength in the cavity is lower whenever the source is located in the
night hemisphere. The discontinuities of (1), (2), and (3) produce cross-coupling be-
tween several TM modes as well as between TM and TE modes, but the numerical
results show that the effect of such coupling upon the resonance frequencies is negli-
gible (below 5%). A more important effect is a lowering of the quality factor, for
example, from 4.6, obtained by averaging day and night results (i.e., results obtained
by using in succession a day and a night ionosphere over the entire globe), to 3.0
obtained by a more rigorous day-night model. However these results are probably
“slightly exaggerated by the assumption of an abrupt transition between night and
day’” and the authors suggest that a smooth day-night transition would reduce mode
coupling and the resulting effects upon Q. They conclude that the ‘‘regular diurnal
changes in the peak frequencies and quality factors of the Schumann modes are pri-
marily due to interference, or overlapping of the cavity modes” which will be discussed
in *‘Location of Major Thunderstorm Regions.”’

Paul’® performed several numerical experiments to see whether either the assumption
of a constant magnetic field or various lateral inhomogeneities — simulating the day/
night discontinuity and PCA events — can produce resonance line splitting. The fre-
quency resolution was 0.1 Hz. Realistic ionosphere profiles and many different source/
receiver/discontinuity geometries were employed. Line splitting (i.e., 2 double reso-
nance peak or a peak separation less than approximately 5 Hz between successive res-
onances) was not obtained in any case.

ELF MEASUREMENT TECHNIQUES

General Considerations and Horizontal Electric Fields

To a first approximation the Earth-ionosphere cavity with dipole excitation has azi-
muthal symmetry and in this case the only field components are E,, E,, and H, as
indicated below Equation 8. The vertical electric field is E, and the horizontal fields
are E; and H,.

For plane wave propagation in unbounded space, one would expect that the orthog-
onal field components would be related by the wave impedance of free space n = 377.
In the cavity this is not true at ELF where cavity dimensions and wavelength are of
comparable magnitude. However, when the excitation source is on the surface of the
Earth (r = r, = a), it follows from Equations 7, 20, and 22 that

E

T

H,

_ v(v+ 1) PV(—. cOs 6)
2WE

(71)

e
— P (—cos 6
o6 v( )

Thus this ratio is a function of both frequency and the angular separation 8 between
source and receiver. In the cavity with perfectly conducting boundaries Equation 26
gives v(v+ 1) = (ka)* and in the cavity bounded by the real ionosphere v(v + 1) is given
by Equation 28. Substituting into Equation 71 we obtain, exactly with Equation 26
and approximately with Equation 28 —
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P, (—cos 8)
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— P, (—cos )
26 ¥

4

At the first resonance ha = /2 by Equation 27 and [E,/H,| = n = 377 Q occurs at®
8 = 55° At 8 Hz measured values® of E, are 1n the viciuty of 10 Vm*! Hz 1 and
measured values® of H, in the vicimity of 5(1077) Am™ Hz 172, corresponding to B, ~
0 6 milligamma = 6(10°") Tesla Thus measurements give (E./H,) = 200 which can
be expected from Equation 72

At ground level the tangenual field components must be related by the surface
impedance of the ground

L=z a3

. = a4

From Equations 72 and 73 the order of magnintude of the ratio of the horizontal to
the vertical electric field 1s

e a9

1)
E‘l'
Thus for dry land,* when g = 2(10 *)S/m,

~ 5(10*) at8Hz (76)

o
EY

Very few measurements of the horizontal ELF field at ground level are available
The reason 1s that an electrically very short (length < 1) horizontal wire antenna near
ground* essentially responds to the vertical electric field (E,) which exists across the
capacitor formed by the horizontal antenna and the ground, but 1s not nearly as eff1-
clent a recewver for that field component as a vertical antenna of the same length
The honzontal wire also exhibits directronal properties * °¢ The true horizontal electric
field at ELF 1s probably best obtamed from measurements of the potential difference
between electrodes 1nserted nto the ground Such measurements are difficult, require
extreme precautions in the design of electrodes, and are usually employed only for the
measurement of lower, ““mucropulsation®” frequencies where the field strength 15 higher
than at ELF ** Word, Smith, and Bostick® did extend such measurements to 10 Hz
although therr principal interest was lower frequencies and the determmation of the
electrical properties of the ground They employed electrodes separated horizontally
about 200 m and reported |E,, |* values at 8 Hz between 107 and 107 (mV/km)*/Hz
This corresponds to E, between 10~ and 3(10"°) Vm~*Hz™"’* and 15 2 to 0 06 times what
one obtams from Equation 76 and the value of E, quoted above E, = 5(10) (10) =
05(107) Vm™ Hz™ However, n view of the local (8) dependence of the fields mdi-
cated by Equation 72 and the dependence upon the exact value of ground conductivity
o 1mplied by Equation 74 the value 1s not unteasonable,
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FIGURE 6. Radiator and receiver geometry for cahbration of electric field sensor.

The measurement of horizontal electric fields is also important at ELF when one is
interested in field strength in the ocean. There measurement of the potential difference
between floating electrodes is relatively convenient and such measurements were re-
ported by Soderberg.*® He obtained the potential difference between carbon electrodes
at a horizontal separation of 5 m at depths below the ocean surface between 30 and
300 m several miles from the coast of Baja California. He gives values for 8 Hz, at a
depth of 60 m, between —161 dB below 1 V/m and — 165 dB below 1 V/m per 1.25
Hz frequency interval, corresponding to E, values of 5(10~°) to 8(10™%) Vm™ Hz V2,
Since for sea water with o = 4 Sm™" Equation 74 gives, at 8 Hz, Z, = 4(1072) Q, we
obtain from Equation 75 E, = 10~ E,. Thus for E, = 10 Vm™ Hz'’?, one would
expect at the sea surface a horizontal field strength E, = 10 V/m. Although the elec-
tric field in sea water at 8 Hz would decrease by a factor of 0.5 over a depth of 60 m,
the measured value is again not unreasonable in view of the expected variability of E,.

In view of the greater ease of measurement and calibration most of the field intensity
values quoted in the literature involve vertical electric fieldss ® *2 *6 48 50 and horizontal
magnetic fields.?*4*47 * Methods for such measurements are now summarized.

Vertical Electric Fields

Vertical electric ELF fields can be measured most conveniently with a vertical
“whip” antenna or with some metallic element, usually a plate, cylinder or sphere,
which is mounted several meters above the conducting ground and electrically insulated
from it.* The principal difficulty with this measurement is not insufficient field
strength since the vertical electric field component of the Schumann resonances is gen-
erally well above most other electric field noise in this frequency range as discussed in
“‘Field Intensity Levels — Spatial, Diurnal, and Seasonal Variations.”” The main dif-
ficulty is rather determination of the absolute level of the received ELF field. This
requires calculation or measurement of the true effective antenna height or of antenna
capacitance, which can be significantly affected by details of mounting arrangements.
Furthermore pick-up by antenna to preamplifier cables (including cable shields) must
either be eliminated or considered in the calibration.

Clayton et al.*® have shown that for an electrically short linear receiving antenna,
as well as for a spherical antenna, the open circuit terminal voltage V is equal to the
average of the undisturbed potentiai to ground V, (i.e., the potential which would exist
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FIGURE 7  Relative magnitude of E(2) near an electrically very short antenna
at ground level (a = 0)

with the antenna removed) at the location of the antenna Thus for a linear antenna
of length L mounted on an msulating base of height B, as illustrated by Figure 6,

) ¢B*L
V= ES Voldz an
B

For an incident umform electne field V (2) = Ezzand

’ v-r[8et] o

which 1s also equal to

v f e 9)

Tor a spherical antenna with 1ts center at height T above ground

T
v-f swa-r,m 0
0

provided the capacitance C of the sphere of radius R at the height T above the con-
ducting plane does not differ appreciably from the capacitance C, = 4 meR of the
sphere 1n free space This condition 1s satisfied when the ratio of mounting height 10
radius ts sufficiently large since (C/C,) € 1 02 when (T/R) > 25,

Equations 77 to 79 give only the open circuit termuinal voltage Swmce the antenna
capacitance 1s of the order of 20 pF, the input impedance at 8 Hz will be 2 capacitive
reactance of about 10°Q! The mput stage of the preamplifier must therefore be de-
signed appropnately and the capacitance of any connecting cables must be considered

In view of the uncertamnties involved sn relating the voltage actually measurted at the
output of an impedance transformer and through cables, or a preamplifier, t0 the true
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open circuit voltage, it is essential that the system be calibrated with a field of known
magnitude. This can be done by using the arrangement illustrated by Figure 6 in which
a linear radiator is supplied with a known input current. When the calibrating antenna
length H, the distance y between that antenna and the receiving antenna base, and the
height T, and length L of the receiving antenna are all very much smaller than the free
space wavelength, the field due to the calibrating antenna is given®® by

N 11,11
E@ = 301, ;‘F{’F{J'E*};'
(8D
_@rayH-~a) . (z—a)(H——a)%
1 ré
and 1., is related to the antenna base current I, by
1 ®
m T CH e k = (2a/n) 82)

The behavior of |E(z)| as a function of z/y for a calibrating antenna at ground level
(a = 0)is shown on Figure 7.

Determination of the base current I, in Equation 82 requires measurement of a con-
veniently large voltage at the input of the calibrating antenna. One should note that
with an input impedance of the order of 10° Q the base current I, = 1 yA even if the
voltage applied between feedpoint and ground is 1 kV! If that voltage is known, how-
ever, I, in Equation 82 can be determined by measuring the input capacitance of the
calibrating antenna. A typical value of this capacitance (for a 1.8-m antenna at ground
level) is 19.0 pF. A possible circuit for measuring it is described by Clayton et al.**
and empirical formulas for its calculation have been given by Watt®” and Kiipfmuller:®®

24.16(L) ' (83)
log,, (2L/d) — k
where L is the antenna length, d the antenna diameter and k' is a function of a/L with
a being the mounting height of the antenna base above ground (k' = 0.42 for a/L =
0.0t and k' = 0.144 fora/L = 10).

Calibration by a known ELF field is, of course, applicable to receiving antennas of
any shape. A particularly useful antenna for ELF is the spherical antenna, mentioned
above, in which, as suggested by Ogawa,*¢ the preamplifier is mounted inside the an-
tenna to avoid the need for transmitting low level signals through cables (whose capac-
itance is also larger than that of the antenna). A practical arrangement of such an
antenna®® is illustrated on Figures 8 and 9. The antenna height T was 9.87 m and the
radius of the sphere R was 15 cm.

Several additional precautions must be observed in measurements of the vertical
electric field. (1) The mounting of the receiving antenna must be sufficiently rigid to
avoid motion due to wind which would modulate the antenna to ground capacitance
and thereby the amplitude of the received field. (2) Large moving objects must be kept
oyt of the vicinity of the antenna for the same reason. (3) Generally, data must be
discarded during heavy local precipitation, although during light rain a dielectric “‘ra-
dOfne”, such as the plexiglass sphere shown on Figures 8 and 9, minimizes precipitation
noise. (4) Data must also be discarded when the Schumann resonance spectrum is con-
taminated by “‘local’’ thunderstorms, that is by lightning which is so close that TE
modes and higher order TM modes are not sufficiently attenuated; generally this will
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be the case 1f ightning occurs within about 100 km of the station which can be checked
by independent recordmg of HF notse (5) Semuconductor devices 1n the mmpedance
transformer, the high sensitivity first amplifier stage, and succeeding stages, will gen-
erally have to be protected against burnout due to very large impulses (of the order of
kilovolts) which are picked up by the antenna and cables during ightning activity m
the tmmediate vicimity (within 2 or 3 km) of the antenna At the Kingston, R 1 freld
site™ RCA type 8393 “NuVistor’” vacuum tubes rather than I C s were used mn the
preamphfier, because they were found to withstand surge voltages better than transis-
tors or 1 C's In addition zener {break-down) drodes were used at several locations
between the “*hot” side of the low voltage DC power supplies and ground * (6) Filters
must usually be used to eliminate high level natural noise®® below about 3 Hz and man-
made noise from power hines and other sources, as discussed 1n the following section
on field intensity levels (7) As discussed in more detarl by Ogawa et al * and by Clay-
ton et al ,*° the recerving antenna must extend to sufficient height above the ground
to minmze the effect of random field fluctuations which occur within the first meter
above ground and are possibly due to motion of 10ns produced by radon gas emanating
from the soil 1%

Magnetsc Fields 47
Schumann resonance magnetic flux densities are reported** 7 5 ** to Le between 0
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Spherical antenna used near Kingston, R.1. (schematic on Figure 8).

FIGURE9.

4.7(107**) Tesla Hz %2 and 11.7(107**) T Hz*/2. Compared with

milligamma Hz'/2

other naturally occurring magnetic fields in neighboring frequency bands, such as mi-
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cropulsations,” and man-made interference, these are extremely low level fields
Therefore detectors must be placed n locations which are far from sources of man-
made nterference such as power lmes, electric railroads, telephone lines, 1gnition
noise, or radio transmitters with ELF modulation As will be discussed below, detec-
tors must also be 1solated from ground transmitted and atrborne acoustic vibrations

In the past either induction coils with ferromagnetic cores® ** 4411192 or ayr.core
loops® 2 195 have been used, although there are some indications that 1t may be more
convenient 1n the future to use Josephson-junctron ‘‘SQUID’* (super conducting quan-
tum interference devices) s 7 Dinger et al ' have reported on a three-axs
“SQUID" ELF detector with a sensttivity of 107* T Hz'*> The response of the
SQUID device s, n principle, independent of frequency, while the response of wduc-
tion cotls, which depends upon the time rate of change of the magnetic flux ¢ hinking
the N-turn coll, increases hinearly with frequency V = (dd/dt) = wNo

Both ferromagnetic and air-core coils must be electrostatically shielded to prevent
response to slowly varying electric fields The self-inductance and sensitivity of coils
with high permeability cores depend less upon the exact value of the core permeability
than upon the length to diameter ratio of the core as a result of the demagnetizing
factor of long slender rods '** Eddy current losses m the core can be minumized by
using insulated laminatons, but the resistance at ELF (reported for 8 8 Hz)"* can be
substantially above the DC resistance as a result of restdual eddy current losses and
hysteresis The principal danger of using ferromagnetic cores for low level measure-
ments 1s the presence of Barkhausen noise'®? and possible vanation of the response
characteristics due to the nonhnear variation of permeabtlity in the presence of a rela-
tively large, slowly time-varying field (the magnetic field of the Earth during magnetic
storms) and more rapidly varying nterference fields (micropulsations and power hine
frelds) Generation of spurious signals at the sum and difference frequencies of un-
wanted interference as a resuit of core nonhineanty s also a possimhity Nevertheless,
iron or ferre core mduction coils are useful when small distortions of the received
signal can be tolerated and when only relative signal amplitude 1s of tnterest, but they
are of questionable value for very precise measurements of wave shape, phase, and
absolute field amplitude They are light and portable compared with air core loops
which become very bulky and large when they are designed for adequate sensitvity to
detect Schumann resonances

Arr core mduction loops can be optimized® ' for the best signal-to-noise (S/N)
ratto It can be shown that S/N 1s independent of the wire stze™ but 15 proportional to
the square root of the “window area”” (Figure 10)

5= het Vaory (34

where K = (wnB)/(8 nkTAf)!/?, B 1s the incident flux density, k Boltzmann’s constant,
T the absolute temperature 1n degree K, Af the filter bandwidth, « the fill factor (1€,
the fraction of the window area actually filled by wire, typically « = 0 6), and o the
conductivity of wire in Sm™ The magmitude of the induced open-circut voltage Voe
however, does depend on wire size

o
Vo = wNAB = wAB —% (85)

where N 1s the number of turns, A 1s the cross-section area of the loop = nr’, and s 15
the cross-section area of the wire

From Equation 84 1t follows that for a fixed winding radmus r, the S/N ratio 15
proportional to the square root of the werght of wire used
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FIGURE 10. Air core mnduction loop. (a) Cross-section through
one half of coil showing ‘“‘window’’ with windings. (b) Window
sectionalized to reduce distributed capacitance.

2. XK \’Wﬂ (86)
N X ¢ 0

where W is the weight of the wire and 8 is the density of the wire material (kg3).

Another important consideration in coil design is the value of the distributed capac-
itance C,. If the coil response is to be kept linear with frequency, C, must be suffi-
ciently small to keep the self-resonant frequency of the coil well above the desired
maximum operating frequency.®® (Self-resonance may, of course, be used to enhance
the response of the receiving system over a narrow frequency band.) C, is affected by
window shape (see Figure 10) and the number of coil layers: it can be reduced by
making b > a for fixed values of A, A., N, and d, (copper to copper distance between
layers); this can be done by dividing the coil into sections of width a’, insulated from
each other as shown in Figure 10. To reduce intersection capacitance, the separation
distance £ should be as large as possible, which reduces the open-circuit voltage given
by Equation 85, and S/N given by Equation 86, since the effective window area be-
comes smaller. The complete coil design clearly requires compromises between such
conflicting requirements, and one possible design procedure is given by Keefe et al.”

For large coils other considerations are also important, such as ruggedness, water-
proofing (particularly if the coil is to be mounted below ground level), and mounting
to reduce vibration. For a large-diameter high-sensitivity coil, minute coil motion in
the magnetic field of the Earth can produce signals which are much larger than the
temporal variations which are to be measured. For example, distant city traffic,'*®
microseisms,'®® and a helicopter flying above the magnetic field test site’'® have been
recorded by induction loop magnetic field sensors. To remove this source of error an
accelerometer can be mounted on or near the magnetic field sensor and its output
recorded simultaneously with dB/dt on a multitrack tape system.®

Very high sensitivities and good S/N ratios can be obtained with large air core coils
even at the lowest end of the ELF band. For example, the flux density detected with
S/N = | by an electrostatically shielded 2-m-diameter 4-section 44,000-turn coil of
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FIGURE 11 Setup for calibration of large snduction loop (radwus b) by field
from smaller loop (radius 2)

No 30 copper wire® in the frequency band 3 Hz to 30 Hz was 3 2(107) T Hz"'"%, this
coil had a self-resonant frequency of 80 Hz A circular 2-m-diameter coil with 16,000
turns of 0 127-mm-diameter wire'’* had a natural frequency of 144 Hz and gave 0 3
uV fora 1072 T signal at 1 Hz Using elaborate signal processig, White and Willim'®
detected 45-Hz and 75-Hz narrow-band signals at the 107'* T level using an antenna
with a turns-area product of 909 2 m?

Magnetic field sensors can be calibrated*** rather convemently even outside the lab-
oratory *° For a very large diameter coil (¢ g , 1 m or 2 m) a cahbration field can be
set up by locating a smaller diameter loop (e g , with 100 turns) coaxial with the large
loop at a relauvely short distance (e g , S m) In this instance the calibration field 1s
not uniform over the area of the receving antenna, and computation of the induced
signal (d/dt) f B dSrequires integration of the calibration field over the receving area
The field on the axis of the calibration antenna (see Figure 11)1s

LA a’
= @

B =y, @87

The error mtroduced by using a umform B, given by Equation 87 over the enuire area
of the recerving loop, to calculate the induced voltage 15°*

v 3

= z
Vo [22 + (a+b)* ] ¥?

(88)

where V. 1s the voltage calculated by using Equation 87 for ®, = B nb? and V. =
wN:®,, and V 15 the correct voltage obtained by integrating the off-axis B using ap-
proumations of elliptic integrals suitable for dimenstons of the order of z = 102, b=
2a

EXPERIMENTAL DATA AND DATA ANALYSIS

Methods of Spectral Analysis and Effects of Data Treatment on Resulting Spectra
The Earth-onosphere cavity 1s usually excited simultaneously by many different

thunderstorms ** Although one or a few large source regions may provide the ma)or

excitation at any particular time, each of these sources consists of a large number of
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lightning ‘‘flashes’ (each of which may consist of three to four “‘strokes’’),*** which
are distributed randomly in time and space. Although it is occasionally possible to
measure an individual impulse response of the cavity,*® one is usually forced to extract
information from a mass of uncorrelated, individual signals which are randomly dis-
tributed, but partially overlapping in time. No phase information is available, the
measured amplitude fluctuates rapidly and the signal as a function of time has the
general appearance of random noise. The power spectrum of such a signal can be
obtained and is determined by the excitation functions'® and by the propagation, or
cavity transfer function which are defined below.

Since the expression for the vertical electric field in Equation 24 represents only the
response of the cavity to a single impulse of current moment Ids located at r = a and
6 = 0, the actually measurable |E,|* due to many lightning flashes confined to an area
limited by —A,<$<A, and —A<0O<A (using the coordinates of Figure 1) will be

A¢ A
E () = j. J‘ Mg (w) IF (8, w))* a* sin g dg do (89)
~by ~b

where F, = E,/(Ids), n = number of lightning flashes per unit area, M = magnitude
squared of n vertical lightning current moments per unit area, = n? (average lightning
current)® (average lightning path length)?, = (Am)*/m?, g(w) = power spectrum of
average lightning flash (discussed in ‘““Monitoring of Worldwide Thunderstorm Inten-
sity’”). When A, <0 and A<0 Equation 89 reduces to

E @)? =~ G(w)IF, (g, = S(f) (90a)
where
A¢ A
Glw) = j J‘ Mg(w)a? sin 8 d6 do 'Cl)
—A¢ -A

is the excitation function and |F.(8,w)|? the square of the absolute value of the transfer
function or frequency response function. Similarly, for the magnetic field

Hy ()1? = Gw) I F(8,w) I* = Sy(f) (90b)

where F,, = H,/(Ids) is given by Equations 7 and 20 or by Equations 24 and 71.

S.(f) and Su(f) are the power spectral density functions''s which can be determined
from the measured electric and magnetic fields considered as random signals x(t) vary-
ing with time t. These power spectral density functions give the frequency composition
of the received fields in terms of the spectral density of their mean square values.

The mean square value w?, of a random signal x(t) is'*®

T
2 T
\»’1; = _llim ’I.IT x3(tdt = Tlim %J- x2(t)dt (92)
—o0 T —rco
—_— 0
2

If the signal is passed through a group of parallel connected narrow band filters (each
of width Af), the mean square response of the nth filter centered at frequency f is
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In terms of w 2 (f) the power spectral densuty function S(f) ts then

) T
¥ 2
S = tm - = tm mm L1 xALaNdt
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2

and 1f X(w) 1n the Fourer transform of x(t)

(D = I e dt W= 2af ©%

144

1t follows from Equation 92, and Parseval’s theorem

Ix%dt = J‘ Xp@1* df

that

1X;of ¢ Xpof
: Xy N Xy
v j fm ——ar zrlﬂaf T df (96)

If the power spectral density functton S(f) 1s defined, tn agreement with Equation 94,
by

vy =_f siaf on
[

it follows from Equations 94, 95, and 97 and Parseval’s theorem that an estimate of
S(f) with the narrowest possible resolution f = (1/T) 1s gwven'"’ by

S, = tm 2
° T~ T

13 £
I x(neiot d:l
[
98

T
e
T_‘:’:‘ T _."(‘)e dl‘
2

where x:(t) = x(1). However 1t 1s not necessanly true that S,(f) = S(f) as discussed 17t
Davenport and Root 7
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Also useful for the evaluation of S(f) is the Wiener-Khinchin relation valid for a
random process which is at least “‘wide sense’” or ““weakly stationary’” (i.e., a process
for which expected values equal average values and the autocorrelation function is
only a function of the delay 7 and not of time)

S = _‘. RG)e 7 dr 99
where R{7) is the autocorrelation function

T
RG) = Em L+ J' X(Ox(t +7) dt (100)
Teoo T
0

From Equations 100 and 92 it also follows that the mean square value w2 of x(1) is
the autocorrelation function with zero delay

R(Q) = <} (101)

The power spectrum can be evaluated from the experimental data either digitally or
by use of an analog or hybrid analog-digital analyzer. Implementation of Equation 94
involves the following operations:

1. The instantaneous, received signal x(t) is passed through n band-pass filters of
width Af, centered at f,. This is done either by parallel analog filters or by a Fast
Fourier Transform (FFT) algorithm.

2.  The output of these filters is squared.

3. Thesquared narrow-band signal is averaged over the sampling time T.

4.  The mean square output is divided by the filter bandwidth Af.

As the center frequency f of the filters is moved (or as the output of parallel filters of
width f centered at frequencies f, is recorded in succession), a plot of the power spectral
density function — the power spectrum ~— is obtained.

If either method is used, FFT or an analog or analog-hybrid scheme, the resulting
power spectrum can be only an estimate of the actual power spectrum of the received
signal, because the integration time T can, of course, not be infinite.

The integration time T must be limited, not only because data must be taken over
some limited time interval, but, more importantly, because the process involved, the
excitation of the Earth-ionosphere cavity by lightning sources, is really not ‘‘station-
ary”’: the ““transfer functions’’ F.(9,w) and F.(6,w) are varying continuously with
time. The source to receiver separation 8 is varying continuously and therefore P, (cos
6) in Equation 24 is varying continuously; the day-night boundary moves continuously
and therefore the position of source and receiver relative to the day and night iono-
sphere is shifting; the level of cosmic ray as well as solar activity is changing continu-
ously, affecting local and world averaged ionosphere properties which determine w in
Equation 24. Thus the stationarity implied by the use of power spectral analysis is only
an approximation. While one wants to make T as long as possible to improve the
estimate of S(f), and thereby the estimates of cavity properties and excitation function,
T can not be longer than the time period over which neither the source to receiver
spacing, nor the cavity properties, change appreciably. Since we do not really know
what that period is, the selection of the interval T is somewhat arbitrary, but periods
between 2.33 min'*® and 34 min®® have been used. In the absence of solar disturbances
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{PCA events, SID’s, major X-ray bursts, etc ), when world average properties of the
1onosphere do not change rapidly, the longer integration periods are likely to give more
reliable results, particularly since the posiion of major thunderstorm regions, which
excite the cavity, remains constant within %5° of latitude and longitude over penods
of several hours '**

In band limited white noise data samples separated by the *‘Nyquist interval” T =
1/(2 Af) are uncorrelated, or

n = 2aNT (102)

samples taken during this interval are statstically independent (For a discussion of
these considerations see, for example, Bendat and Prersol ' '7) Although the statist-
cal mdependence 1s not strictly satisfied for noise such as that considered here, 1t 15
nevertheless useful to employ Equation 102 as the definition of the number of *‘degrees
of freedom™, 1 e, the number of independent random vanables whose squares are
summed 1 evaluaung S(f) as given by Equation 94 Infinite sampling ume would give
n = o and the true value of S(f}

It can be shown'' ** that the probability density function describing the estimate
of S (obtamned with n € o) about the true power density S, (corresponding ton = «)
within the band Af 1s the chi-square distribution However, when n 1s large (n > 30)
this distribution approaches the normal distribution shown on Figure 12 which illus-
trates the improvement in the estimate of 5 as n 1s increased The shaded area repre-
sents the *“‘confidence’ one has that the estimate will be wittun +10% of the mean
value S, This area, the integral of the probability density function p(S), will give the
probabulity P that § will be within a given range about S,

5
pis,<s<s}-1-a I'p(sms 03)
Sl

100 a 15 the “*sigmficance™ level
It 15 also useful and customary to calculate the normahzed standard error ¢ Its
square, the normalized mean square error £2 1s defined by

o E{i5m - st}

104
S2(f) a9
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wheré E = expected value and §(f) = estimated value of S(f). As illustrated by Figure
12, € should be inversely related to the number of degrees of freedom and it can be
shown''$-''7 that it is given by

1
(AH)T

€ =

=i

(105)

For the normal distribution, the probability is 68.3% that S will fall within

or 95.4% that it will fall between

S-sl _ 5
s

+

Thus the true power density S will fall within £10% of S with a confidence of 95.4%
of e = 0.05 or if (ANT = 1/{25(107%)] = 400. For this level of confidence, namely,
the probability of 95.4% that the calculated power spectral density will fall within
+10% of S, and a frequency resolution Af = 0.1 Hz, a sampling or integration time
of 4000 sec or 66.6 min would be required. For most of the data described in succeeding
sections of this review, f = 0.125 Hz and either T = 1024 sec = 17.067 minor T =
2056 sec = 34.267 min were employed.

The use of FFT algorithms for evaluating power spectra estimates by the “‘direct
Fourier transform’’ or ‘‘Cooley-Tukey’” method has been discussed by Bendat and
Piersol!!” and Oppenheim and Schafer''® (p. 555). The starting point for this procedure
is Equation 98. An older, computationally less efficient method is based on Equations
99 and 100.

In applying Equation 98 the record length must again be finite. For the FFT analysis
we will call the length of the initially analyzed record section T,, since it will be shown
that T, # T, where T is the length of the entire record available for analysis. If a
“boxcar function’’, Figure 13, is used to limit the record length, the following opera-
tion is substituted for Equation 98:

2
oo

~ 1 . —jwt
S0 ~ = .f x(Du(pe It dt

-

—c0

where u(t) = 1 ~12:- <t< —21 (106)
T,
u® = 0 BE ]—il
2

However the Fourier transform

Flx(®u®] = X(w)"Uw) =f X U(w ~y)dy and

U(w —-y) = T, sin (w_;Y)T‘/ (w;Y)T‘
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FIGURE I3 “'Box-car ' ume function

H(f)
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FIGURE 14 Fourer transform of “*box car” window

Thus the *‘boxcar’” time window will give in place of the desired F[x(1)] 1ts convolution
with the (sin a/a) function This causes “‘leakage””, 1 ¢, the main lobe of the true
power density function 1s distorted and an nfinite number of side lobes 1s added as
tllustrated in Figure 14 It turns out that this leahage can be reduced by using a smooth
friter shape with a “‘taper” (for example, a cosine function) at each end This can
substantially reduce sidelobes, but introduces a scale factor which must be applied as
acorrection to the final estimate of S(f) as explamned by Bendat and Piersol*' {(p 327)

The finiteness of the sampling time T, also mtroduces another difficulty If x(t) 1s
sampled at N equally spaced points which are At = h apart, the total record length T:
1s Nh The time nterval h cannot be smaller than allowed by the cut-off frequency
(Nyquist frequency or folding frequency)

L= (107)

N
L4

if aliasing 1s to be avoided, (It 1s assumed that x[t] has been prefiltered so that 1t does
not contatn any frequency components above f, ) The Fournier transform 1s evaluated
at frequencies

fie = o k=012 ,N-1 (108)
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which requires N> multiply-add operations. FFT procedures are based on decomposing
N? into composite factors and carrying out Fourier transforms over smaller numbers
of terms in each of the composite factors, but even if the procedure is carried out over
the entire record length T, = Nh, that length is much too short to give any reasonable
confidence limits or a sufficiently small standard error ¢ defined by Equation 105. For
example if the cut-off frequency for the record is 25 Hz, h = 0.02 sec by Equation
107. If the desired frequency resolution f = 0.1 Hz, then Equation 108 gives T, =
(1/Nh) = 10 sec, since the increments Af of f, are (1/Nh). Consequently Equation 102
gives n = 2(0.1)10 = 2 as the number of degrees of freedom. The chi-square distribu-
tion is then the appropriate probability density function and the resulting mean square
error, £, is 2 or the normalized standard error is 100 /2 = 141%! Clearly further
averaging or smoothing is necessary. This is achieved by evaluating the spectrum for r
successive periods of length T, until the total length T = rT, is sufficient to give the
desired standard error as determined by Equation 105, The spectrum obtained for each
of the successive sampling periods T, is stored and the average is obtained by integra-
tion.

Digital processing of data, either to obtain the power spectrum by an FFT algorithm,
or over the entire recording and analysis process when digital recording is employed,
introduces also other errors than those discussed thus far. They are (1) errors due to
quantization of the input into discrete levels; (2) inaccuracies produced by representa-
tion of filter coefficients by finite length numbers (i.e., B bits per coefficient), for
example if a digital filter is used for the initial limitation of the received signal or for
suppression of power line interference; and (3) roundoff errors which can arise when-
ever numbers are multiplied since data registers can only accommodate a finite number
of bits (multiplication of words of length B* and B” produces a new word of length B’
+ B"). In the use of FFT algorithms an additional error, closely related to roundoff
errors occurs, particularly when fixed point arithmetic is used: it can be shown'?! that
the numbers necessary to describe a record of fixed duration at discrete frequencies in
the frequency domain is larger than those which describe the signal in the time domain;
consequently scaling may be necessary at each iteration of the FFT.

A discussion of these errors can be found in books by Oppenheim and Schafer!''®
and Peled and Liu.'?* Among the various errors, roundoff error is likely to be the
most important.

Resonance Line Splitting

Resonance tine splitting in observations of the Schumann resonances, as illustrated
by Figure 15, has been reported by Gendrin and Stefant** (only in the second and
higher resonances), by Hughes,** Jones,* Ogawa et al.*' and Paul.® In view of the
limitations of power spectral analysis discussed in the preceding section, the question
arises whether such line splitting represents a real physical phenomenon or is an artifact
resulting from the data analysis. Since this question can only be answered if complete
details of the analysis procedure are known, the following discussion will be restricted
to data obtained in the author’s laboratory.

Electric as well as magnetic field data obtained over a period of several years,** show
that resonance line splitting is a relatively common phenomenon. However there
seemed to be some indication that it occurred more frequently during geomagnetic
disturbances and this hypothesis was therefore tested by Paul®* for several periods of
3- to 12-days duration between March 1970 and August 1972. Included were several
geomagnetically quiet periods as well as disturbed periods with minor and major PCA
events and two periods (March 5 to 10, 1970 and August 2 to 14, 1972) when major
solar proton events occurred. A summary of the resulting statistical evaluation is re-
produced on Table 2 for those 21 days during which power spectra over the complete
24-hr period were available.
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FIGURE 15 Electric field power spectra showng resonance line sphitung ( Blips' at
the bottom of graph are 5 H> marhers ind 5 Hz 10 25 Hz, 1
0125 Hz, averaging ttme T = 17 min)

q

Detailed examination of all available data showed that correlation between line spht-
ting and solar or geomagnetic activity mndices was much stronger during a major solar
event than during minor events or during quiet periods **Splits’® were more often
observed in the third than in the second resonance and only very rarely — only during
a period of unusually high solar praton flux — wn the fust tesonance

Since higher order resonances 1n our data, and in most other data available in the
Interature, are ““split’’ more often than the first (8 Hz) resonances, this relation was
further examined It was noticed that the ““Q”’ values of the first few resonances are
almost the same and that as a consequence the resonance bandwidths are larger for
the higher order resonances An examination of the relation between ‘‘spht’ occur-
rence and resonance bandwidth or cavity Q seemed therefore indicated However ¢av-
ity Q 15 not uniquely defined for the Schumann resonances, as explamed i “Reso-
nances mn a Cavity with Sharp, Homogeneous Isotropic Boundaries” (Equations 35 to
37), and 1s not equal to the resonance frequency divided by the half power beam width
On the other hand 1t 1s apparent from the discussion m the section just mentioned that
Imv and Im S, are related to the width of the cavity response mn the immediate vicinity
of the resonance peak, also noise 1s less likely to contaminate the power spectra at the
higher levels near the resonance peaks The 80% level bandwidth was therefore chosen
for the comparison with the occurrence frequency of split peaks

Since experimentally obtained power spectra, such as that shown on Figure 15, are
often quite wrregular and nonsymmetric about the resonance peaks, 1t was necessary
for quantitative, statistical analysis to differentiate between “‘spht®® peaks and “‘bro-
ken’’ peaks for a power spectrum with frequency resolution Af and mimmum ampl-
tude resolution d a split peak 1n a section of power spectrum =+ 8 Af about a resonance
peak was defined by.
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CORRELATION BETWEEN OCCURRENCE OF RESONANCE
LINE SPLITTING DURING 24 HR PERIODS AND SOME

ELF Data

Magnetic field Hyew
First resonance
Magnetic field Hen
Second resonance
Magnetic field Hew
Third resonance
Electric field

First resonance
Electric field
Second resonance
Electric field

Third resonance
Electric field

First resonance
Electric field

Third resonance
Magnetic field Heqw
Second resonance
Magnetic field Hy
Third resonance
Electric field

First resonance
Electric field

Third resonance
Magnetic field Hey
Second resonance

GEOPHYSICAL INDICES
R
Correlation
Geophysical parameter coefficient

Riometer absorption 30 MHz 0.287
Thule

Riometer absorption 30 MHz 0.492
Thule

Riometer absorption 30 MHz 0.533
Thule

Riometer absorption 30 MHz 0.424
Thule

Riometer absorption 30 MHz 0.252
Thule

Riometer absorption 30 MHz 0.390
Thule

Solar proton flux E, 2 60 MeV 0.225
Explorer 41

Solar proton flux E, 2 60 MeV 0.347
Explorer 41

Solar proton flux E, 2 60 MeV 0.275
Explorer 41

Solar proton flux E, = 60 MeV 0.215
Explorer 41

Solar proton flux E,: 5-20 MeV 0.302
ATS-1

Solar proton flux E,: 5-20 MeV 0.247
ATS-1

Solar proton flux E,: 5-20 MeV 0.358

ATS-1

P
Level of sig-
nificance
<0.005
<0.001
<0.001
<0.001
<0.02*
<0.001
<0.05*
<0.001
<0.01
<0.05*
<0.02*
<0.05*

<0.005

Note: The indices considered were Magnetic A-Index (Fredericksburg), 24 hr average
of X-ray flux (Explorer 37), Solar proton flux (ATS-1 and Explorer 41) and 30
MHz Thule riometer absorption. The A-index is a daily weighted mean of the
3-hr K values. The level of significance P was determined by reference to tables
of the student-t probability with M-2 degrees of freedom: N = number of obser-
vations, r = correlation coefficients, P = probability that a value of r equal to
or greater than that computed would be obtained from a pair of purely inde-
pendent (uncorrelated) variables. The correlation has been considered significant
when P < 0.0]. Probabilities 0.01 < P < 0.05 are listed with asterisks indicating
a doubtful case. For P > 0.05 the correlation is not considered significant.

147

I. A drop of at least d takes place over each of two consecutive data points and a
drop of 2 d occurs in at least one of them.

the preceding point.

““split” peak. (For some parts of the analysis b = 3 Af was used.)

These two data points must be followed by a third data point at least d above

A gap of b > 3 Af must exist between the two successive subpeaks which form a

Thus for a “‘split’” peak to occur, a set of at least four consecutive points (i, 1+ 1,

i+2, i+ 3) must exist such that their amplitudes x(i), x(i + 1), x(i +2), x(i + 3) satisfy
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FIGURE 16 Probabibity of “spin’ and ‘“wregular™ peaks vs r1eso
nance peak bandwidth Magneuc ficld (522 samples, each with T = 17
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A broken peak was defined by substituting Af or 2 Af as the distance between subpeaks
n listing 3

As expected the probability of finding a **split”” or “‘broken’’ peak 1n the experimen-
tal power spectra increased with increasing resonance peak bandwidth as illustrated by
Figures 16 and 17 Similar curves were obtamned for other integration times (= T =
sample length 1n Equation 105). The probability of “‘spht’” or “broken’ peaks de-
creased, n general, with integration time as llustrated by Figure 18, which shows the
observed frequency of occurrence of spht peaks versus integration trme for various
ranges of 80% resonance ling wadths

To obtain 2 lirmting value for the relation between record length (or mntegration
time) T 1n Equation 105 and the degree of irregulanity of the power spectrum (t € , the
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PROBABILITY OF SPLIT PEAK

1 ] L T
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TIME (MINUTES)

FIGURE 18. Experimental probability of split peak vs. sampling
time T for electric field records.(Parameter: §0% width of resonance
peak 0.5 < w, < 1.0Hz, 1.5€ w,;<2.0Hz, 2.5< w, < 3.0Hz).
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FIGURE 19  Probability of split peak, defined by Equation 109, vs
wmiepration me for white noise

probability of ““split’” or “‘braken’” peaks), the white noise spectrum, {(w) = constant,
was examined Based a rather lengthy derivation given by Paul,’ the predicted proba-
bility of a double or muluiple peak defined by Equation 109 with b = 3 Af was calcu-
lated for such a spectrum The results are shown on Figure 19 Finally an attempt was
made to predict the probability of obtaining a double peak in a resonance type spec-
trum The assumed form of that spectrum was

G = 11,

where B 1s the 80% band-width of the peak The calculation 1s very lengthy and 1t was
feasible only to calculate the probability P(B,) of obtaimng a sphit peak at one partic-
ular point on the resonance curve P(B,) varies 1n a rather complex manner with the
distance (f, — f.) = n,(Af) and Figure 20 shows the probability of obtaimng a split peak
starting at the point B, = f, — 2Af A split peak in the sense of Equation 109 could, of
course, also start at B, = f, — SAf or at B, = f, +Af, etc The total probability P(B)
of finding a spht peak 1n a complete resonance curve 1s given by

=8
P(®) = E P(B)
1 8

fy - 84f) < B, < (f, +84aD)

a1y

Although Figure 20 1s applicable to only one poimst on the resonance curve, two
companisons with experimental data are posstble (1) The predicted probability of ob-
taming a split peak for white noise, from Figure 19, can be compared with the expen-
mental data for the largest 80% bandwidth w, 3 5 to 4 0 Hz, which according to Figure
20, should approach the prababiity of obtaining a spht peak in a white noise spectrum
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FIGURE 20. Probability of spht peak, defined
by Equation 109 with b = 3 Af, starting at f =
f, — 2 Af, against resonance line 80% bandwidth.
(Parameter: integration time T, = 8.53 min, T,
= 17.07 min, T, = 34.13 min, T, = 68.26 min,
——-— white noise).

For an integration time of T = 17 min the number of experimental samples was large
enough (522 magnetic field spectra, Figure 16) to obtain a meaningful comparison.
For this integration time the measured probability of obtaining a split peak was 56.2%
(Figure 16) as compared with a predicted probability (T = 17 min, w—>) of 58.4%
from Figure 19. (2) Although Figures 19 and 20 cannot be used to predict the exact
value of the probability P(B) of finding a split peak in a resonance curve of 80% width
w < o, they can be used with one supplementary calculation to establish lower and
upper bounds on P(B).

Even for white noise P(B) cannot be obtained by just multiplying the value of
P(B) [ .o fTom Figure 20 by the number of discrete frequency points (equal to 17)
in the range (f, — 8 Af)< f < (£, + 8 Af). For example for

T = 1024 sec = 17 min

P(B) = 0.045 (from Figure 20)
\v—)w

P(B) = 0.584 (from Figure 19)
‘V—)DQ

P® | 212978 f = f, - 24f

P(B) | woreo

It can be shown®! that P(B,) is higher for points f < f, than for points f > f, and that it
decreases monotonically with f. For a given finite resonance bandwidth, for example
w = 2.75 Hz, we may therefore calculate the values of P(B,) corresponding to f, = f,
— 8Af and f; = f, + S8Af and then approximate the ratios [P(B)/P(B))] . - 2+ and
[P(B)/P(B))]. - : »s by the ratio [P(B)/P(B,)]..~ at the intermediate value of f, = f, —
2Af. This will then give an estimate of upper and lower bounds for P(B) , - ,.,5. Doing
this we obtain
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T = 17 min w = 275Hz

P(B) = 00462 forf, = f,—BAf gangP(B),, = 00462(12978)

'max

P(BJ) = 00283 foxl‘J = f, + 8af  gvingP(B),,,, = 00283(12978)

Thus we obtain for T = 17mmandw = 2 75 Hz
0 367 < P(B)< 0 600

This can be compared with experimental values of 28 6% for the electric field spectra
and 29 7% for the magnetic field spectra as shown on Figures 16 and 17

In the analytical predictions of P(B) only b = 3Af was used in Equation 109 This
1s not very realistic since many subpeaks were observed to be at least 4(Af) and 5(Af)
apart Introducing more ponts it the defimtion of the **spht” would have made the
already lengthy calculation even more cumbersome However 1n view of this b = 3Af
assumption it 1s not surprising that the calculated P(B) 1s higher than the experimen-
tally obtamned P(B) for a ‘‘split’’ peak The calculated probability 1s however lower
than the experimentally observed probability for obtaining a *‘broken’’ peak {defined
by b = Af or b = 2Af) which was 57 2% for the electric field (Figure 17), and 68%
for the magnetic field (Figure 16)

This entire examination shows that while the frequency of resonance line splitting
creases during some types of jonospheric disturbances, 1t 1s also correlated with res-
onance line width (t e , with nverse Q) and inversely with the length of the data sam-
ple Thus while some major 10nospheric disturbances are responsible for lower cavity
Q, as discussed again i “‘Determination of the Electrical Conductivity of the Lower
Ionosphere and ‘Non-conducting’ Atmosphere Below 40 km,”’ 1t 1s not possible on the
basis of the available experimental data to state that such disturbances cause resonance
line splitting Double and triple resonance peaks may be a charactenstic of the cavity,
but they may also be a consequence of unavordable statistical error produced by the
use of a data sample of fimite length

Field Intensity Levels — Spatial, Diurnal, and Seasonal Vanations

Some representative magnetic flux density levels and electric field intensity levels
measured mn the Schumann resonance range, principally between 3 Hz and 30 Hz, are
given 1in Table 3

The values in Table 3 should only be considered approximate For conversion to a
per Hz'/? basis some calculations had to be based on frequency response curves which
could be read only to very limited accuracy in the published literature In any case,
values of the electric and magnetic field vary widely with location, time of day, season,
and frequency As illustrated by Figures 3 or 15 the amplitude of different resonance
peaks 1s not the same and the amphtude ratio between peaks and valleys of the power
spectrum (|E| rather than [E|* as shown on the figures) can vary roughly between 1 3
and2 5

Although 1t 15 sometimes possible to obtain Schumann-type spectra, such as Figure
3, without interruption over several days for contignous samphng periods, there are
other times when either all, or all but one or two of the resonance peaks disappear
This can be due to man-made nterference as discussed below 1n ‘‘Sources of Man-
Made and Natural Interference,”” to “‘local” thunderstorm activity within about a 500-
km radius, to 1solated, extremely intense lightning activity, or due to large 10nospheric
disturbances Sudden enhancements of atmospherics (**SEA’" phenomena) have been
discussed by Sao et al '** and Ogawa et al ¢ Jones and Kemp*® analyzed discrete light-
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Table 3
REPRESENTATIVE FLUX DENSITY AND ELECTRIC FIELD
VALUES IN THE SCHUMANN RESONANCE BAND (LOWEST
THREE RESONANCES 8 Hz TO 21 Hz)

Magnetic field H or flux density B = y,H Electric field*

In units reported B*in [Tesla/Hz]"*/? (mV/m)Hz " Ref.

3.5 (107'°) Watt/m?*/Hz 12.1 — 44

— — vert. 0 06—0 20 42

— — vert. 0.34 43

—1.5—-6.5 dB below 47—-8 4 — 47
1(milligamma)*/Hz

4(1077)—2.9(1079) 5.0—36.0 vert. 0.06—0.24 122

(A/m)Hz V2

—_ — vert. 0.1—-0.30 46

2.6~—5.2 (milligama) */Hz 16.0—23.0 — 124

~122——134 dB/A/m/HzV: 2.50—9.98 — 123

— — hor. 95

over waterg = 45/m
1.1(107%)—1 7(10"%)

_— — hor 94
overlando = 107 S/m
3(10°%)—10"*

¢ 0.1 milligamma = 10VT
& Electric field: vert. = vertical; hor. = horizontal.

ning events which are substantially larger than those producing the normal Schumann
“‘background”’.

In the Schumann spectra not only the amplitude, but also the Q values of the various
resonance peaks and the resonance frequencies themselves vary with time. Some reso-
nance frequency shifts were directly attributable to known world-wide ionospheric dis-
turbances,'*” while other diurnal variations in frequency and amplitude can be attrib-
uted to changes in location and level of worldwide thunderstorm activity.?® ' An
example showing the variation of the first resonance frequency with time of day for
three different days, approximately 1 month apart, is shown on Figure 21. Variation
of the relative amplitude of successive resonance peaks is illustrated by Figure 22.

In “Effects of Lateral Inhomogeneities,’’ this shift of resonance frequencies and
relative amplitudes of resonance peaks was already discussed referring to Equation 24
and Figure 5. In “Location of Major Thunderstorm Regions,’’ the use of experimen-
tally established changes in frequency and relative amplitude for locating the position
of major thunderstorm regions will be explored, and in ‘‘Monitoring of Worldwide
Thunderstorm Intensity,”’ the variations of resonance frequencies, relative spectral

amplitudes and absolute field levels will be related to changes in total, world-wide
thunderstorm activity.

Sources of Natural and Man-Made Interference

Approximate amplitude levels of “‘micropulsation’’ natural magnetic field noise,
based on Campbell’s work,'?® are shown on Figure 23. Below 3 Hz the natural ambient
noise increases as ~1/{ (1.5 < n < 2.5) and generally it is already much larger than
the Schumann level at about 2 Hz. Therefore a high pass filter with relatively sharp
cut-off at the low end of the Schumann band is necessary to avoid overloading of

receiving equipment for the detection of the magnetic field component of the cavity
resonances.
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Similarly noise below about 4 Hz is picked up by electric field sensors, but its level
decreases, as was pointed out in “‘Vertical Electric Fields’’ and by Ogawa et al.,** when
the height of the sensor above ground is increased. This noise, probably due to ion
motion near the ground, can also become very bothersome if a horizontal wire at close
proximity to the ground is used as a receiving antenna.

In “Magnetic Field,”” it was already pointed out that motion of a high sensitivity
induction coil in the steady magnetic field of the Earth can produce an e.m.f. of a few
Hertz of much larger amplitude than the noise, of the order of 107** T Hz /%, from
distant thunderstorms. Magnetic field sensors for Schumann resonance frequencies
must therefore be located far from road traffic or other man-made vibrations.'?® '°
However, natural ground vibrations,*®® for example, due to surf at a shore line at a
few miles from the receiving site, can also become a source of interference. If a large
coil is mounted so as to isolate it from ground vibrations, it becomes of course essential
that the mechanical natural resonance frequency of the coil and mount system be well
below the passband of the electrical receiving system. In this context, it is worth noting
that many available rubber or rubber-like materials become stiffer with age when they
are subjected to continuous compression. Since the mechanical resonance frequency
w./2n of a vibrating system is given by

W= = (112)

where k = stiffness coefficient of the ‘‘spring’’ material, a system originally designed
for a mechanical resonance frequency of 2 Hz may vibrate at an unacceptable 4 Hz
after a few months of operation.

In considering pick-up of undesired natural as well as man-made signals one has to
differentiate between pick-up by the principal sensor and pick-up, after preamplifica-
tion, on long transmission lines between the sensor-preamplifier and a building where
timing and recording equipment may be housed. If it is not possible to avoid such lines
(by using subminiaturized receiving and telemetering equipment at the antenna), they
must be extremely well shielded and appropriately grounded to avoid pick-up on
ground loops.'?*

Unless a location far from sources of man-made noise can be found, such noise is
almost always orders of magnitude larger than the Schumann oscillations. This is par-
ticularly true for magnetic fields. The primary noise source is, of course, power lines
(60 Hz in the U.S., 50 Hz in most other countries); however power lines from low
frequency railway systems, such as the 16.67 Hz German net,” can be particularly both-
ersome. If there are nonlinearities in the receiving system sum and difference frequen-
cies of the interference, such as 50 — 16.67 = 33,33 Hz, may also appear. In the U.S.
most telephone ringing systems employ frequencies in the vicinity of 20 Hz and ELF
fields measured near telephone lines may be dominated by this source.

Modulation of higher frequency communication carriers (particularly VLF carriers,
10 kHz to 100 kHz) may also be detected by nonlinearities in ELF-measurement sys-
tems when the carrier level is large enough to overload high sensitivity input circuitry.
Thus Konig et al.’*® measured a strong 30 Hz signal whenever ship-borne ELF detecting
equipment was brought to within perhaps 100 km of a “Loran”’ navigation transmit-

ter. The reasons for this are illustrated by Figure 24, which depicts the modulation of
a Loran signal.

INTERPRETATION AND USE OF DATA

Location of Major Thunderstorm Regions
The electric field due to a single vertical current source in the Earth-ionosphere cav-
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FIGURL 24 “Loran’ (navigational) signal causing 30 Hz interference

ity 1s given by Equation 24 In *“‘General Considerations and Hornzontal Electric
Fields,”’ the ratio and E./H, can be obtained From Equations 71 and 24 1t then fol-
lows that the horizontal magnetic field 1s

s v 0+ 1 d
Ho =~ omn ,,Z%n(nn)_y(vu)ﬁy“(m”’ 13

As was potnted out in deriving Equation 72, the rato |E,/H,| near the resonance fre-
quencies 1s approximately

20+ 1

M

e 0

E,
=~ wpa (114)

A
i 2n+ 1 d
PO . S Y o
T D —sei g n o0

a
I
)

™M

n=0
and neglecting all but the ““resonance”” term m the summation, 1 ¢, the term corre-
sponding to the frequency when |n{n+ 1) ~ v{v + 1}| = min,

E, Py (cos 8)
=N Wp ————— ais)
H, d

35 Fateos )

As a consequence the ratio of the electric to the magnetic field amphtudes near the
resonance frequencies 1s not very sensitive to the details of the model assumed for the
1onosphere The rat1o 1s not completely independent of the 1onosphere parameters since
Equation 71 contains v(v+ 1) and since terms other than the resonance term are sigmf-
1cant 1n the summations of Equation 114 Nevertheless Equation 115 suggests that near
the resonance frequencies the ratio [E,/H.,] 1s strongly affected by the source receiver
separation & and only secondarily by the 10nosphere parameters which determne v
Referring to Figure S 1t 1s apparent then that, for example, at the first resonance fre-
quency and 8 = (n/2) (E./H,) = 0 The ratio |E,/H.} at the resonance frequencies
can then be used as a sensitive indicator of the source-receiver separation Application
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of Equations 71 or 24 and 113 to realistic cavity models®*-?*' shows that this is a useful
procedure. Similarly the dependence on v, that is the dependence on the ionosphere
parameters, becomes relatively weak when the ratio of the amplitudes of the electric
or magnetic field at two successive resonance peaks is evaluated. For example from
Equation 113 for the H field first and second resonance peaks

d
— P, (cos 8)
Hor | L 5 2-n@ 1) do (116)
Hy, 6 —v,(v, +1) 3 %Px (cos 6)
The dependence on v is not strong because at the resonance peaks
nn+1) —v(v+1) = MIN
(117)
v =mn — je where € << 1
therefore Equation 116 becomes
d
thx ~ 5 3e, :i—; 2 (cos 6) (118)
H 38 d
P 8e; %P, (cos 6)

Typical values of ¢ showing that ¢,/¢; depends only weakly on the characteristics of
the ionosphere model are given by Tran and Polk.5

These considerations®? have led then to the idea of using ratios such as Equations
114 and 116, obtained from experimentai data, to locate sources of cavity excitation.
Since many lightning flashes excite the cavity simultaneously, power spectral ampli-
tudes must be used, as discussed in the section on methods of spectral analysis. Also
the size of the excitation arear = a, (B—A) < 0 < (8+4), ($ — A,) < ¢ < ($+4,) must
be considered as indicated by Equations 89 to 91.

Using Equations 89 to 91 for a source centered at (8,n) which has an angular spread
%A in the 8-direction and = A, in the $-direction, and assuming that Mg(w), the current
moment and power spectrum of the average lightning flash, is independent of 8 and
$, the desired ratios are'3!

0+A
G (8',0")sin ¢’ do
E
Eqsq 2 0% A n+1 .
E, PRy n=12...,
Gg, (g'¢')sin 6" dg’ (119)
p—b
6+A
I G (9'0")sin g’ dg’
H
Hn+l 2 _ 64 n+i
H, 9T n= 12, .
I GHn (6',0")sin 8" dg’ 120
0>A
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9+4
e 284 I Ghn(0'°)s'"0 do
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A, 0+A .o
[8y = ¥ sin 284 cos 2(6 — )] J’ Gy (08 ua 0’ do
0%a
where
v 20t !
3p te'e) = Mat per) 20l _poqees o 122
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) n+
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and a 1in Equation 121 1s the angle of the receiving coil axis with the ¢ reference line
which, for exampte, could be the east-west direction The subscript n denotes the order
of the resonance

Amplitude ratios r, are obtained from spectra of experimental data and ratios £,(6,4)
are calculated from Equatons 119 to 121 Different sets of (6,4) are tried 1 the follow-
ng expression

-1 ]

N 1
-3 [ﬁ—f‘(B.A)] .

where N 1s the number of rauos used The set (8,4) which gives a mimmum g defines
the source

Sometimes more thap a single major thunderstorm region excites the cavity at one
time It 15 generally believed that the three major thunderstorm regions are tropical
Amenca, Afnica, and Asia The occurrence of thunderstorms depends on local ume
with most activity taking place in the local late afternoons Most of the time not more
than two major thunderstorm regions are active stmultaneously *** To extend the
method to locate two such simultaneously active regtons 1t 1s assumed that they are
centered at 8, and 8 » and have equal spread in the 8-direction A, = A = A Theratio
of azimuthal spread of the two sources 15 6 = (8,4/44q)

For two sources the rat10s of resonant peak amplitudes are

E,

A B
TR

&: ; 5{;’? n =123 (125)
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where the superscripts denote source A or B, and

[
& (6,0) = J' Gg_fs)<* sin ¢’ ds”. 1128)
6—L

=L

i
Sy, 1y

H_ (6.2) GHn(g') 2° sin 6" d6’ (129

’

€

Equations 125 to 127 can be rewritten in the following general form.

A- = 6B,
fi(a) = .2_.__.'_ (130)
C; — 8Dy

For a specified 6 and 6., d may be obtained for given experimental values r, by mini-
mizing the following quantity:

-

N -
i A; =8B )" )
a= Z [fi - ~Ci’50i] (131)

i=1

To avoid the need for solving a higher order polynomial in é which is obtained by
minimizing q, an alternative approach is introduced. Rewriting Equation 130 as

£(C;=8S)) = (A; 5B (132)

one obtains

vy

N -
q-= [;i(ci +8D) — (A;+ 539] (133)
=1

H

Minimizing Equation 133 gives

N
_Zl (5~ € (Dyr; ~ BY
s = i
& = 31
~ (134)
2 (Dyr; ~ By
=1
since
. N
¢ q -
Frei Z D —-B)” >0 (133)
i=1

For a specified 6., 65, there will always be a minimum g with é given by Equation
134. Therefore, different combinations of (6.,8:) can be tried and the location of the
two thunderstorm regions is determined by the set (6,,6,) which gives minimum q.

Since the resonance frequencies for different values of 6 are not identical. the deter-
mination of A,, B,, C,, and D, in Equations 130 to 135 requires the following iterative
procedure.
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1 Awmplitude ratios at the experimental resonance frequencies are used to obtamn
the imitial values of 8., 8s, and 4

2 R e frec are calculated for this b wonof 8,, 84 and &

3 These resonance frequencies are compared with the experimentally determined
resonance frequencies (or with the resonance frequencies obtained 1n the previous
1teration as explained below)

4 If the calculated resonance frequencies are not identical with the experimentally
determined values, Step 1 1s repeated with the resonance frequencies calculated
1 Step 2 replacing the experimental values (thus A,, B,, C,, and D, in Equation
133 are now based on the calculated resonance frequencies) This will give a duf-
ferent set of 8,, 85, and &

The iteration indicated by Steps 1 to 4 15 continued unttl two successive sets of reso-
nance frequencies (in Step 2) are 1dentical It can be shown'”' that the ratios of reso-
nance amphtudes display only a second order variation with A (compared with the
dependence on 8), provided A 1s 1n the range 0° < A < 10° which probably mcludes
most realistic thunderstorm regions A value of A = 5° was therefore used for the
experiments described below The average source spectrum was represented by a rela-
tion due to Galeys,*** based on earhier work by Williams*** and Raemer *’

glw) = Kexp [-91 (10 *)w] Hz™! (136)

In several numerical experiments other forms of g(w) were tried, but Equation 136
gave the best fit to Schumann resonance data The constant K 15 arbitrary, but
“Momtoring of Worldwrde Thunderstorm Intensity,”” K = 0 0447 will be used to ob-
tamn )':f glw) dw = 1 over the frequency range 12 Hz < f <21 Hz

Although two simultaneously active major thunderstorm regions can be located
from ELF spectra obtamed at a single observation site, the information 1s ambiguous
1n that four possible azimuth locations are gwven for each of the two values of the
angular source-receiver separation § Frequently several of these sources can be elimi-
nated from such considerations as the unhkeliness of a major thunderstorm occurring
over the North Atlantic 1 winter, but for unambiguous location of major thunder-
storm centers on the surface of the Earth two widely separated ELF receiving sites
would be required Figure 25 indicates how locations from two such stations, one 1n
the Northeastern U S and one in Honshu, Japan, would give intersecting loci for given
values of 8 (60 J = locus of all poiats at 8 = 60° from the Japanese station, etc )
Unfortunately long term and detailed spectral data were available to the author only
for the one recesving station near Kingston, R 1 at 71°43'53"W, 47°37'18'N  Results
of source locations using these data were compared with results obtained by the
VLF system of Heydt and Volland** ¥ and, 1n one case, with satellite cloud photo-
graphs

Details of the comparison of the ELF with VLF data were reported by Polk and
Clayton "** Among 31 useful data samples one or more of the four 8 vatues determined
by ELF location comncided with a source located by VLF 1n 22 cases Among these, 12
were based on ELF data taken exactly at the same time as the VLF data, while 10 were
taken 1 hr before or after the VLF reception Among the nine angles 8 which did not
locate sources confirmed by VLF, six or 66 7% of the data, were taken ] hr before or
after the VLF recordings The comparison with satellite data (and surface observa-
tions) reported by Tran and Polk*® involved the location of a major thunderstorm
system over Utah and Colorado in the U S during the period June 6 to 12, 1967 Five
power spectra covering the period 00 00 to 02 00 UT on June 7, 1967, each with an
integration time of 17 min, Jocated the source at 24° < 8 < 26° while radar precipitation
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FIGURE 25. Loci of constant angular separation from observation sites in New England (U) and Kakioka,
Japan (J).

data located the center of activity near Salt Lake City, Utah at 6 = 29° and indicated
an extent of the system of about 0.81(10°) km* corresponding roughly to A = 5° and
A, = 3.5°.

Toomey'3! also investigated the effect of ‘‘background noise’’, consisting of rela-
tively light thunderstorm activity uniformly distributed over an equatorial belt, upon
the location of the major thunderstorm regions. The Schumann resonance method
clearly assumes that the one or two large regions of intense activity have a much greater
effect upon the resonance spectrum than simultaneous low density lightning activity
which is more or less uniformly distributed over the rest of the world. As a test of
how well this assumption is satisfied it was specified that 100 flashes per second oc-
cur'*? worldwide and that they are distributed between a region of major activity, hav-
ing area A, = 10° km? with flash density om, and a larger region, of area A,, with
smaller flash density gs. Thus

N = 100 = Ny + Np = pyAy * PpAR (137

Using a realistic ionosphere conductivity profile’®' and g(w) given by Equation 136 for
both regions — but with different constant K determined by Equation 137 — the
source location procedure was implemented for northern winter (A over the equatorial
belt 10°N to 40°S), spring-fall (A; 30°S to 30°N) and northern summer (A 10°S to
60°N). The spring-fall results shown on Figure 26 display the deviation of the estimated
location from the true location as uniform background activity increases. The value
of the deviation is very sensitive to the area A, of the major thunderstorm region; for
example, if the assumed size of a major thunderstorm region is increased to 5(10¢) km?
the signal to noise ratio is greatly improved. It is also apparent from Figure 26 that
the extent to which it becomes possible to confirm ELF location results by direct sur-
face or satellite observations, also provides information about the relative magnitude
of “major’” and “‘background’’ lightning activity. For example, if it should turn out
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FIGURE 26  Effect of widely distributed thunderstorm acuvity upon location estimates

that the ELF resonance location method gives consistently correct thunderstorm posi-
tions during certain periods, but not during others, 1t would be possible to draw con-
clusions concerning the distribution in time of the ““background’” actrvity

Toomey™* also imnvestigated the effect of extra terrestrial low frequency 1/1° noise,
which 1s particularly likely to contaminate the magnetic field data as was discussed 1n
“‘Sources of Man-Made and Natural Interference >’ If the power spectrum resulting
from thunderstorm activity 1s designated by T(f) and the nose spectrum Af™ by N(f},
then the total recetved spectrum s

5(H) = N(©) + T(D) (138)

provided N and T are power spectra of uncorrelated random processes Assuming
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FIGURE 27. Estimated erroneous source location 8 for
given true location 6, as a function of A ™ noise.

source location and strength, one can evaluate S(f) for different values of A and « and
use these ‘‘noisy’’ spectra in the source location procedure. Figure 27 illustrates the
results of such a numerical experiment; 8, is the true location of the thunderstorm
source and the abscissa is the ratio of spectral power at 2 Hz to the spectral power at
the first resonance, i.e.,

8(2
8¢

~

C= (139)

|

P
~

Since thunderstorm-produced power at 2 Hz is usually negligible compared to the noise
power at 2 Hz

__N@ (140)

N(fy) + T(f,)
C was chosen in this form. The abscissa in Figure 27 can also be roughly interpreted
as the percent noise power at the apparent first resonance

N{) 100c N

P(¢) =100 —1 = —
a() 10N(ﬁ)+r(ﬂ) N(2)

(141)

since {, is approximately constant (f, depends on A, a, and the source location and
strength, but varies at most +1 Hz) and N(f,) + T(f,) = N(2)/C from Equation 140.
Varying P, corresponds to varying A in N(f) = Af™. It is apparent from Figure 27
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that the source location procedure 1s fairly msensitive to this type of notse In part this
1s due to the fact that the procedure uses the received power spectrum at or near the
resonance peaks where the effect of contanunation by background noise 1s less than
at the valleys of the resonance curve (Figure 3)

Mornutoring of Worldwide Thunderstorm Intensity

If the Schumann resonances are excited exclusively, or almost exclusively, by light-
ming-generated radiation, they should provide information not only about relative
diurnal and seasonal vaniation of global lightning activitry,'s 3 62 % but also about its
absolute value Attempts to do this were made by Clayton and Polk®® using records
of the pertod September 1970 to May 1971

The calculation of absolute levels clearly requires accurate determination of the ab-
solute values of the received electric and magnetsc fields as discussed 1n ““Experimental
Data and Data Analysts *” Furthermore, the dwrnal and seasonal varniations of ampli-
tudes and peak frequencies at any particular receiving site must also be corrected for
source-receiver spacing stnce Equations 24 and 113 mndicate a dependence on 8 A
source location method such as that discussed 1n ‘‘Location of Major Thunderstorm
Regions”’ 1s therefore a prerequisite for the deduction of absolute levels of world light-
ning acuvity from Schumann resonance records

Determinatton of absolute levels of hghtning activity amounts to finding the product
of lightning activity area and the factor M 11 Equation 89 M 1s the magnitude squared
of the total vertical lightning current moment per unit area No information about
mndividual hghtning flashes ts obtamed and the world-integrated effect of all flashes
can be translated into a number of flashes per second only if something 1s known about
the current moment Ids of the “‘average’’ flash Also since the propagating TM, mode
1s only very inefficiently excited by honizontal electric currents, the estimate obtained
from Schumann resonance data will contain only a small contribution due to horizon-
tal cloud to cloud flashes On the other hand, estimates obtamed from Schumann
resonances are likely to be influenced by slowly varying components of the lightning
flash which have much less effect at higher frequencies, for example contnbutions of
the *‘corona current” may be significant as pointed out in Chapter 3 of Gales’ book '¢

To obtan M and the required area some asumption has to be made about the power
spectrum g{w) of the average flash, particularly if data from more than one frequency
are used Clayton and Polk®* used the form given by Equation 136 which 1s due to
Raemer*’ and has also been discussed by Galeys *® It assumes that the nterstroke inter-
val is distributed about a median value of 33 msec with a standard deviation of 7 msec
and that the probabilities of n return strokes in each flash vary between 0 23 (for n =
3)and 0 01 (for n = 10), the mechan valueofn1s2 5

Since the 8 dependence of the spectrum given by Equation 24 1s different at different
resonant peaks as llustrated by Figure 5, use of spectrum which mncludes at least two
such peaks tends to reduce dependence of the final result for total lightmng actvity T
upon an exact knowledge of 8 Data integrated over the frequency band 12 Hz to 21
Hz were therefore used by Clayton and Polk'*® as shown below Data at individual
resonances were only used to find 8 as outlined in **Location of Major Thunderstorm
Regions ** The lower cut-off frequency (f, = 12 Hz) of the band was taken above the
first resonance (f = 8 Hz), because the Schumann spectrum 1s sometimes contanunated
below 10 Hz by noise which 1s presumably due to extraterrestrial sources either n the

¢ or the phere as d { 1n *‘Sources of Man-Made and Natural

Interference *’ (See also Abbas.'**)

To calculate both 6 and T, 1t was necessary to assume an average electrical conduc-
uvity profile extending from ground level to about 80 km altitude In the section on
determining electrical conductivity, it 1s shown that the need for changes m conductiv-
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FIGURE 28. Electrical conductivity profiles used for source strength compu-
tations (from Clayton and Polk!*?).

ity profiles appropriate for Schumann resonance calculations is indicated very well by
changes in 10.7 cm solar radio flux in the absence of *‘solar proton’’ or *“PCA”’ events.
One of the conductivity profiles shown on Figure 28 was therefore used depending
upon the 10.7 cm flux reported for the particular day.

The starting point of the calculation of the total lightning activity T (Am)2 = T
(Cm)?*/s* are Equations 90 and 91. If electric field data are used, the power spectrum is

|E ] = 6@ |F(6,0[° (Volt m~')*/Hz (90)

and the source location procedure of ‘‘Location of Major Thunderstorm Regions’’
gives two values of 6 as well as the ratio of source strengths D. Knowing 8, and 6z
and given appropriate ionosphere parameters as well as g(w) given by Equation 136,
one can evaluate |E,(f)] 2 and |E(f)| 5 from Equations 24 and 89 except for as yet
unknown amplitude factors T4, = M X Area. It is also useful to evaluate an average
of the measured power spectral densitites over the selected frequency range

f.

2_ 1 2 2 _1n2

|E| (fi—fl)j‘ [EO df (vm")/Hz (142)
1

as well as spectral averages of the calculated values E (w), and E (w);:

Average power spectral density il f 2 (Volt m™)?
= F [ . E df ———
Unknown amplitude factor A,B Tpg(f, -1} I I +® lA (Am)* Hz (143)
) £,

Since the experimental data provide values of |E{?and D = (T»/T,), one can write
IElz = TA(FA+ DFB)
and find (144)

T=Ty+Ty = —B0 _ 1+ :
=datlg = F( D) (Am)
B

Fp+D
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FIGURE 30 Diurnal vanation of lightmng actvity from
Schumann resonance data December 1970, January and Feb-
ruary 1971 (6 days each month)

T may also be expressed in (coulomb meters per second)? which 1s probably more useful
since total charge transfer for the average hghtning flash 15 better established than total
current flow Hence the results of the ELF calculations can therefore be more eastly
compared with other data

Resulis of these calculations of world hightming actvity are given on Figures 29 to
31. (Similar curves 1n the paper by Clayton and Polk'” give an incorrect scale 1n terms
of C*m?/sec rather than C’m?/sec’ which must be corrected by a factor of 9 propor-
tional to the frequency bandwidth which was used ) The values of T vary from 1170
C km/sec at 1000 GMT in January 1971 to 4450 C km/sec at 1600 GMT 1n September
1970 1f one assumes, based on data given by Uman,”* a transfer of 20 C, overa 3
km path for the average lightming flash, this corresponds to muntmum of 19 5 and a
maxmum of 74 flashes per second
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FIGURE 31. Diurnal variation of lightning activity from
Schumann resonance data: March, April, and May 1971 (6
days each month).

Determination of the Electrical Conductivity of the Lower Ionosphere and ‘‘Noncon-
ducting’’ Atmosphere below 40 km

While the ratios of the field amplitudes at successive resonance peaks depend only
weakly on the characteristics of the ionosphere, the precise values of the resonance
frequencies and the widths of the resonance peaks are a sensitive indicator of upper
atmosphere and ionosphere properties. These values also depend upon source-receiver
separation as illustrated by Figure 32. Ogawa and Murakami'*? have used the depen-
dence on the vertical conductivity profile to test various atmosphere and ionosphere
models. To correct for source-receiver separation they used annual averages for the
diurnal variation of global lightning distribution published by Israél'** and came to
the conclusion that ‘‘either diurnal variation of local lightning activity is more drastic
(than the annual averages), or that the diurnal variation of peak frequencies is caused
by some reasons other than the variation of worldwide lightning activity.”” The first
conclusion, that actual diurnal variation of lightning activity during a particular period
deviates considerably from annual averages, is confirmed by the results summarized
on Figures 29 to 31. It is therefore desirable to use information on actual source loca-
tions during the periods for which ELF data are available, when resonance frequencies
and Q-values are employed to test various ionosphere modeis.

The other difficulty with using ELF data to deduce ionosphere profiles is the com-
putational complexity of taking into account either the magnetic field effects discussed
in “Effects of the Earth’s Magnetic Field,”’ or the lateral ionosphere variations dis-
cussed in ‘“Effects of Lateral Inhomogeneities.”’ Recent advances in digital computer
power may make it possible to combine the techniques outlined by Madden and
Thompson?® for handling lateral inhomogeneities with Tran’s? ** refinements for cal-
culating the effects of a multilayer ionosphere to greater accuracy (avoiding planar
approximations, considering the diffusivity of the lower boundary), or with Booker’s?®
and Behroozi-Toosi-Booker’s*” techniques for evaluating the effect of the magnetic
field of the Earth. Nevertheless this has not been done thus far and the discussion
which follows will be limited to calculations of world-averaged ionosphere profiles to
match experimental ELF power spectra when the location of the exciting regions is
known.

Tran and Polk®s used the source location method outlined in ““Location of Major
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(8) and 1onosphere profile for source size A = 6, — 8, = 20° (Profiles used by
Toomey' based on Jones,* electrons and 10ns, and Galejs,** electrons only Profiles
differ particularly between 0 and 45 km altitude )

Thunderstorm Regions’’ and essentally Wait’s*? method for handling a stratified 1s0-
tropic 1onosphere (described n the section on resonances bounded by an 1onosphere)
to obtain a world average 1onosphere profile This was done iteratively starting with
an assumed 10nosphere profile to obtain a first guess of the source locations () Res-
onance frequencies were then used to obtamn a conductivity profile in the 40- to 100-
ki altitude range, which was then used to obtam a better source location which, m
turn, was used 1n a second calculation of an 1onosphere profile The 90% width (related
to cavity Q) was then used to obtain an average value, o., of the conductivity for the
lowest, 0- to 40-km altitude range, as well as corrections to the 1onosphere profile from
60 to 75 km The 60- to 75-km profile was necessary because the 90% width depends
upon that part of the profile as well as o,

The results of these calculations are shown on Figures 28, 33, and 34 for four differ-
ent observation days (1) On June 6 through 12, 1976, a major thunderstorm system
was located by satellite and surface observations as well as by ELF techmques over
Utah and Colorado For this period the correction needed for source-recever separa-
uon (6), which can be made from the ELF data alone, was therefore verified by inde-
pendent (surface and satellite) observations Solar activity as mndicated by the relative
sunspot number R, {Table 4) was low Since Lyman-o 1s the dominant ionizing agent
mn the 60- to 85-km region during low solar activity, the relatively low value of 107
cm flux (Table 4), which 1s indicative of XUV radiation, suggests lower 1omzation 1n
the upper D-region duning this penod (and on February 1, 1972) than on September 6
and November 16, 1970 (Five power spectra, each with 17 min of integration time,
were used.) (2) September 6, 1970 was selected because 1t was charactertzed by rela-
tively mgh solar activity as mdicated by R, The average solar 10 7 ¢cm flux on thus day
mdicated intermediate level XUV radiation (compared with June 7 or November 16)
(Three electric and magnetic freld spectra with 34-mun, Integration time ) (3} R, on
November 16, 1970 was only shightly lower than on September 6, 1970, but 10,7 cm
flux was unusually high (Three electric and magnetic field spectra with 34-mun mtegra-
tion time.) (4) On February 1, 1972, sunspot number and XUV radiation were about
the same as during the June 6 through 12, 1967 period (Three electric and magnetic
field spectra with 34-min integration time )

Galactic cosmic ray activity — which 1s inversely related to solar actvity — 1s the
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FIGURE 34, Comparison of world-average conductivity profile evalvated from Schumarr resonance
data during low solar activity (R. = 53) with other profiles.

major ionizing agent in the lower D- or C-region. Therefore higher conductivity below
the 55- to 60-km level can be expected during the two periods of low solar activity (I)
and (4), as shown on Figure 34, than on the selected 1970 days. (2) and (3), 2bove. In
all cases the frequency resolution of the experimental power spectra®™ was 0.125 Hz.
It was found that Profile 1 on Figure 33 gave the best match (resonance frequencies
to within 0.09 Hz, 90% peak widths to within 0.1 Hz), to the data for periods (I) and
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Table 4
10.7 CM SOLAR FLUX AND
RELATIVE SUNSPOT NUMBER R, ON
JUNE 7, 1967, SEPTEMBER 6, 1970,
NOVEMBER 16, 1970 AND FEBRUARY
1,1972

Observed flux
(10*W m* Hz}
Ottawa 2800 MHz Relative sunspot

Date (10 7cm) number R,
6/7/76 1156 53
9/6/70 1590 133
11/16/70 1935 126
2/1/72 106 7 53

{4) of low solar activity, while Profile 2 provided the best match for the periods (2)
and (3) with hugh solar activity The profiles of Figure 33 with 0. > 0 provided 2 better
match with resonance bandwidth data than the profiles of Figure 28 (0. = 0)

Profile 1 from Figure 33 1s compared on Figure 34 with two day-mght average pro-
files based on ron density data due to Widdel et al * below 60 km and electron distri-
buttons due to Mechtly et al '** (Details are given 1n Reference 55 ) Night-ime elec-
tronic conductivity was disregarded at all heights below 90 km, because 1t 15 usually
an order of magntude smaller than day-time conductivity

The average conductivities for the region below 40 km, 6. = 3 5 (10'*) S/mor 3 35
{107'?) S/m, are not unreasonable if one considers other available data on atmospheric
conductivity If the average conductivity of the lowest 40 km s

40 h—-10
0 = % 10(107%) *f e b dn (14%)

10

mplying an average conductivity of 10°* S/m for the first 10 km (based on Israel**
or Ishikawa et al %), and if 6, = 1 7 (10-"°) with a scale height b = 5 95 km for the
10 to 40 km range, which matches rather well the data of Ishikawa’™ [0 = 3(107') §/
m at {5 kmi, Paltndge” [o = 2(10%) S/m at 24 km), and Maeda et al "** [0 =
3 6(107**) S/m at 28 km], Equation 145 gives an average conductivity o, = 3 875 (10%)
S/m for the 0- to 40-km atmosphere A change of scale height to b = 6 11 km, giving
g = 3 24(107'*) at 28 km, would lead to 6, = 3 50(107'?) S/m Leaving the scale height
b at 5 95 km and changing the value of conductivity o, at 10 km to 1 47(107%) S/m
[giving o = 3 02 (107*?) S/m at 28 km] leads to o, = 3 35 (107*) S/m Since the meas-
urement of atmospheric conductivity by balloon or rocket-borne instrumentation 1s
difficult**® and since relatively little data are avatlable, there 1s no basis at the present
time to indicate which of the two values of o, represents a better characterization of
the lower atmosphere The value of 0. given by Equation 145 depends, of course,
mostly on conditions above 20 km

The profiles for the higher elevations, 40 km to 90 km, are world averages and
neglect differences between the day and night hemispheres They have validity only to
the extent that the Schumann resonances, particularly at 8 Hz and 14 Hz, depend to a
large extent on the canductivity profile below 60 km which 1s due to galactic cosmic
rays and probably has httle day-night dependence (Near the ground conductivity 18
higher at mght than during the day, see page 98 in Israel 4}
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Table 5
VALUES OF v FOR CONDUCTIVITY PROFILES OBTAINED FROM ELF
DATA
Profile 1A 1B Profile 2A 2B Profile 3A 3B
Frequency
Hz Rev -Imv -Imv Rev -Imv -Imv Rev -Imv -Imv
5.0 0.531 0.104 0.103 0.510 0.0945 0.0932 0.507 0.0924 0.0911
7.5 0.925 0.129 0.128 0.894  0.116 0.115 0.889 0.114 0.113
10.0 1.333 0.150 0.149 1.293 0.133 0.133 1.287  0.131 0.131
12.5 1.746 0.170 0.170 1.699 0.150 0.150 1.691 0.148 0.148
15.0 2.162 0.189 0.190 2.107 0.165 0.166 2.097 0.164 0.164
17.5 2.580 0.208 0.210 2,517 0.181 0.183 2.505 0.179 0.181
20.0 2.997 0.227 0.230 2.927 0.196 0.200 2914  0.195 0.198
22.5 3.413 0.247 0.251 3.337 0.212 0.217 3,322 0.211 0.215
25.0 3.829 0.267 0.272 3.747 0.228 0.234 3.730  0.227 0.232
27.5 4,245 0.287 0.294 4.157 0.244 0.252 4.138  0.243 0.250
30.0 4.660 0.307 0.316 4.566  0.260 0.271 4.546  0.260 0.267

From Tran, A. and Polk, C., J. Atmos. Terr. Phys., 41, 1249, 1979. With permission.

One interesting way to obtain visualization of this dependence on the region below
60 km is to apply the method of Greifinger and Greifinger® *° for the isotropic iono-
sphere (neglecting magnetic field effects) to the ELF data which led to the profiles of
Figures 33 and 34. The eigenvalues v for Profile 1B as a function of frequency are
reproduced on Table 5.

As discussed earlier under ‘“Theory of the Concentric Sphere Resonator’’, Greifin-
ger and Greifinger®* have shown that peaks in the rate of energy dissipation occur at
ELF at two altitudes. The lower of these, h,, is given by 6 = we,. The upper level, h,,
where the energy dissipation rate seems to be somewhat lower than near h,, occurs
where the absolute value of the local wave number k, is equal to the local scale height
of the index of refraction. For a good conductor

k = Viwus (146)

complex n = \/;'/EO— (147)
¢’ = complex conductivity. If the real conductivity varies as

o = o, exp {(z - h,)x,] (148)
andifd = o

n = vo,Jwe, explz~h,)2¢] (149)

Thus (k.| = 1/(2&,) gives the condition
bwpok =1 (150)

Greifinger and Greifinger also show, using a planar stratified ionosphere, cylindrical
geometry, and an exponential representation of the conductivity profile, that an ap-
proximation of the eigenvalue S (virtual complex angle of incidence) defined by Equa-
tions 29 and 30 is given by
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Table 6
vANDSFOR 7.5, 10 0, AND 15.0 HzFOR DATA OF
TABLE S

f
Hz Rev Imv ReS ImS h/h,  &/h + £i/hy

75 0925 0128 12678 012987 16074 0 13042

1 £33 0149 13156 011849 17308 011177

15 2162 019 23008 009620 16921 009416
Table 7

CONDUCTIVITIES, HEIGHTS, AND SCALE HEIGHTS
FOR 7.5, 10.0, AND 15.0 Hz

from 3(151)
Frequency of
exper data a. h, & h, & o
Hz S$/m km km km km S/m
75 4 166(10 *°) 470 2 75 55 664 957(10%)
100 5 555(10 ') 47 575 2 80 51 561 101(10™)
150 8332(10 ") 48 386 2 8187 432 1133107

(MY nff &
@ [:-9)

where £, 1s the conductivity scale height in the vicinity of h, As discussed 1n the section
on **Theory of the Concentric Sphere Resonator’, the real part of S, 1s equal to ¢/v
as given by Equation 31 and the imagmnary part of S, ts proportional to the wave
attenuation in the guide or cavity as given by Equation 32 ImS = (a/k)

Table 6 hists the values of ReS and ImS obtained by converting the v values for 7.5
Hz, 10 Hz, and 15 Hz on Table 5 by Equauon 30 Also histed are the resulting values
of (hi/h,)and (¢./h. + £,/h,) 1n Equation 151

A conductivity of 4 166 (107°) S/m results from requinng (o/ws,) = 1 at 7.5 Hz
This corresponds to a level of h, = 47 km 1f those conductivity curves on Figure 34
are used which are based on rocket measurements The h, level of conductivity 15 di-
rectly proporuonal to frequency and this now permuts calculation of the h, levels for
10 Hz and 15 Hz using a scale height £, = 2 km which seems appropriate n view of
Figure 34 The data on Table 6 and Equation 151 then give the results shown on Table
7.

Since most exper ! Sch T data®* 2 ** exhibit very small vara-
tions 1n the phase veloaity, or ReS, while Q values, or ImS (or Imy) can vary substan-
tially as indicated by Table 5, calculations based on Equation 151, such as those leading
to Table 7, suggest that the ratio (h,/h,) varnies very little, while the rates of vanation
of conductivity with height — mdicated by &, and £, — can exhibit large diurnal and
scasonal changes 1f the conductivity at the lower level, at about 45 km — or at least
tts rate of change — 1s relatively {as was d 1n ot Table 7 by
setting &, = 2), the slope of the conductivity profile at about 75 km to 85 km must
vary considerably

However, while an interpretation of world average data using an electrically 150-
tropic and laterally homogencous atmosphere 1s not unreasonable for elevations below
60 hm, day-night effects, and probably also magnetic field effects should be considered
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Table 8
COMPARISON OF 7.5 Hz PHASE VELOCITY AND ATTENUATION
VALUES
Quiet ionosphere, propagation Enhanced ionization/ Quiet ionosphere
along magnetic equator magnetic latitude 75° 1B, Fig. 34
Noon equinox Night 0° latitude Day Night Day-night average
c/v 1.30(1.30) 1.18(1.16) 1.36(1.31) 1.34(1.35) 1.27
a 0.074 0.16(0.14) 0.24 (0.23) 0.18(0.17) 0.17
dB/Mm (0.071 WE
0.075 EW)

Note: Numbers in parentheses are results of the Pappert-Moler computations; EW indicates East to
West propagation and WE indicates West to East propagation.

for higher elevations. It i1s desirable therefore to compare the data discussed here with
the analytical predictions of Behroozi-Toosi-Booker?” and full-wave calculations by
Pappert and Moler” quoted in their paper. These calculations are for various mathe-
matically continuous ionosphere profiles, and take into account magnetic field effects.

The Behroozi-Toosi-Booker®” electron distributions for a quiet ionosphere (their Fig-
ures 2 and 3 for sunspot number = 10) are shown on Figure 34 as D (day, 0° zenith
angle) and N (night, 0° latitude) translated into conductivity by Equation 44 and an
expression for the electron-neutral collision frequency

logyq U, = 5.4 —0.077 z — 90) (152)

given by Behroozi-Toosi-Booker,?” where the altitude z is in km. The ion density and
electron density distributions (their profiles ¢‘2’’) used in their computations for a
highly disturbed ionosphere at a magnetic latitude of 75°, are shown as DD (disturbed
day) and DN (disturbed night). Their expression

logy, Uy, = 4.6 — 0.077 (z — 90) (153)

was used to compute the ion neutral collision frequency in Equation 44 for the ionic
conductivity which is significant at 40 and 45 km in the day profile and below 75 km
in the night profile. Results given for 7.5 Hz in the Behroozi-Toosi-Booker®” paper are
compared in Table 8 with the Tran-Polk data shown in Tables 5 to 7. Im v or ImS
was converted to dB/Mm. The ratios ¢/v obtained from the Behroozi-Toosi-Booker
profiles®” are generally higher (1.30 to 1.36) than those based on the Schumann reso-
nance data and obtained from Profile 1B (1.27), except for the quiet night ionosphere
profile (N) which does not seem to take into account conductivity at the 40 km to 50
km level. The Tran-Polkss attenuation value of 0.17 dB/Mm is the same as the Pap-
pert-Moler value for the enhanced ionization night profile, which is similar to Profile
IA between 50 and 75 km and gives lower conductivity than used by Tran-Polk below
50 km. Although it is impossible to draw conclusions on agreement between experi-
mental results and various ionosphere models using only single frequency data, this
comparison suggests again that the conductivity profile below 60 km plays a major
role in the determination of cavity Q, at least at the low frequency end of the Schu-
mann resonance band. If the ionosphere parameters at higher elevations could be well
established from other measurements, Schumann resonance data would be very useful

for obtaining global information about the electrical properties of the atmosphere be-
fow 60 km.
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INTRODUCTION

Organization of the Chapter

The electric currents flowing within a hghtming channel duning return strokes (R
strokes), leader strokes (L strokes), and mtracloud strokes (K strokes) are the mam
sources for the generation of pulse-type electromagnetic radiation known as atmo-
spherics or sfertcs While this radiation dominates at frequencies less than about 100
kHz, a continuous noise component becomes increasingly important at lngher frequen-
cies (Figure 1)

This paper deals with the generation and the radiation properties of such electro-
magnetic impulses from an observational as well as from a theoretical point of view
Some basic defimtions concermng dipole radiation are provided early i this chapter
In the second section, observations of electromagnetic wave forms from cloud-to-
ground strokes (mainly R strokes) and from intracloud strokes (mainly K strokes) both
near and far from the source are reviewed Theoretical considerations concerning the
electric currents within ightning channels are presented in the third section The fourth
section deals with the electromagnetic radiation from lightming channels and with dis-
persion effects within the atmosphenic wave guide In the last section, methods of
deriving source and wave guide properties from the observations of sferics are de-
scnbed

The nternational system of units 1s used throughout this chapter, Also used 15 a
coordinate system with the z-axis positive upward, contrary to the general usage i the
literature of atmospheric electnicity where the electric field 1s taken positive ““in the
sense of lowering negative charge to the ground "***?

Radiation from Dipoles
Electrostatic Component

The simplest mode! of a typical R stroke 1s a negative charge Q@ = — |Q stored at
time t < 0 at a height I above the surface of the Earth (Figure 2a) At time t 2 0 that
charge 1s lowered to the ground i an impulsive way with a2 time dependence F (1)

Q= -Qre )
where
-1 t=20
F)=<>-1 for t>0 @
i to e

The electrostatic field at a distance R between charge and a receiver on the ground 15
directed toward the charge and has the value

110}
r amegR?

3)

Since the surface of the Earth can be considered to be a perfectly well-conducting
medium as a first approximation, the honizontal component of the electric field must
disappear at the ground The usual way to describe the electric field 1n this case 15 0
put a virtual positive charge at the image distance ~J under the surface of the Earth
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FIGURE 1 Atmospherics from a near discharge observed at four different frequencies (From Horner,
F. and Bradley, P. A., J. Atmos. Terr Phys ,26, 1155, 1964 With permission.)

as shown in Figure 2a. The new charge configuration is an electric dipole with its axis
positive downward having the dipole moment of

M=22Q<0 @)

The electrostatic field at the ground has now only a vertical component given by

[

- QFMsing _ MF@)

E
z 2 3
2m eOR 4rreoR

(5)

This electric field has its maximum at time t = 0. Negative charge is lowered during
the stroke process, or, according to Figure 2a, the negative charge is compensated to
zero by the ascending positive image charge. The electric field due to that charge de-
creases to zero as t = oo, This electrostatic field is often described differently in the
literature. The electrostatic potential at time t = 0 is defined as zero, and the electric
field is considered as increasing to an asymptotic positive value as negative charge is
lowered to the ground. According to the definition used in this chapter, this corre-
sponds to a field in the form

v
=]

AE,(t) = E,(0 —E,()  for 't 6)
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b)

FIGURE 2 Pomnt charge configuration simulating (a) 2 re-
turn stroke and (b} an intracloud stroke

Induction Component
The electric current flowing 1n the channel 15 the ime dervative of Q

dQ . sdr _ M &
L QG i dt ™

Since the electric current must be upward directed 1n order to discharge a negative
charge, and since M < 0, 1t follows from Equation 7 that dF/dt > 0 for t >0 According
to the Biot-Savart law, this current element generates a positive azzmuthal magnetic
field of strength

)
where ¢ = 1A/ e.u, 1s the velocity of hight,

Hy = 4m X 1077 = 12566 X 10 * Hm™

1s the permeability of free space, and

€, = = 88542 X 1072 Fm™
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is the dielectric constant of free space. The field (Equation 8) that falls off as R2 is
called the induction component or the intermediate component. The electric field con-
tains also a component of that form which can be derived from first principles.*!

Radiation Component

As is well known from electromagnetic theory (see the section on ‘‘Electromagnetic
Radiation from Lightning Channels’’), a radiation component of the electric field is
generated in addition to the electrostatic and induction components. This is given by

M d*F

E = -cB, = —4__94F
4 4me c’R  dt?

Z

1&))

so that the total field of a vertical electric dipole located on the ground for a receiver
also on the ground becomes (see chapter on Theory of Low Frequency Wave Propa-
gation by Harth, Volume II)

M 2 2
E - M gi + _l_ dF/dt + i d“F/dt
z 4me, R3 ¢ R? c? R
(10)
M 2 2
By = - M %l dF/dt , 1 d’Fjdt
4me, ¢ R? c? R

where now in Equation 10, the expressions must be evaluated at the retarded time t,
given by

t = t—R/c an

r

The electric field E, and the magnetic field cB, in Equation 10 have the same unit
(Vm™) and have the same induction and radiation components. In typical K strokes,
for which positive charge is lowered within a channel at height H without connection
to the Earth (Figure 2b), M = 21Q > 0 and Equation 10 is still approximately valid
provided R » H.

Impulse Forms of Lightning Currents
Type 1 Current

Typical temporal variations of observed channel currents of R strokes have the fol-
lowing aperiodic wave form:’

I=T1 - Py . O<a<p,rea ; t=0) (12)

According to Equation 7, one may thus derive

~at —~ft
Fay = B~ (13)
8-«
and
Q--2€-9 4
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This wave form 1s referred to as a type 1 wave The parameters I, a, and 1 can be
derived from the observations and allow an estimate of the sign and magnitude of the
charge stored at time t = 0 within the channel

Type 2 Current
Observations of sferics from R strokes as well as from K strokes suggest another
form of F(t), which 1s of the type of damped oscillations

1= 2Tamste™™ | (v6>0rcal , t2Z0) (15)
Hence,

T(t) = ~(cos 6t + élsmsl) Il 16)
and

= 267

Q= -y an

This wave 1s called type 2 wave The time dependences F(t) given by Equations 13 and
16 are identical for

= y¥15 18)

‘Whereas Equation 16 1s vahd for real , Equation 13 1s valid for imaginary d 1f ¢ =
0, Equations 13 and 16 degenerate to

Fy = ~+me™ | (y>0ral , t20) a9
and the current becomes

1= —ay‘te_“ 0)
Evidently, T1s not defined in this case

Electromagnetic Field of a Vertical Electric Dipole
The electromagnetic field (in Vm™) of a vertical electric dipole situated above 2
perfectly electrically conducting plane at height H for an observer on the ground 15’

L )G G, G
E, = 9M J-D—‘sm’ﬂ + (D—pn—:) a —3cos’8)§

an
cB, = ~95 (% + g,l) sino
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Table 1
WAVE FORMS
m Aperiodic wave (Type 1) Damped oscillation (Type 2) §=0 (Type 3)
aﬁ-}i’ _ 3 Ez v _ 22 §2
1 G, e {pe—Bt — qe0t} (y* +62) = {cosst — : sinét Je= 7 — A - ytye
ﬁ 2452 T 25
2 Gz af {e_a‘ _ e__ﬁt} (7 + )R sin 5t e___,yt 4Rt e__,yt
(B—a)c 5§ ¢ c
1
3 G, {ae—Bt - ge—ot} — {cosst+ T an st}e—M ~(1 +ytye~7t
B-a) 5
5
1t 2 1n (E) — artan (—) 2
(B—a) a v Y
1 R, % efls eTh e?
2t t, /2 t, /2 t,/2
_ R 2, £2\R R
2 G, R e—Bta O +87R cos&t, e~ R
c v c ec
R -2 - o) -
(8—a) 26

Note: Wave forms of radiation component (G, ), of induction component (G,), and of electrostatic com-
ponent (G,) to be included in (21) and (66). Note that the time t must be replaced in (21) by the
retarded time t_. t, is the time of the first minimum of G, R, = IG, (0)/G, (t,)1 is the ratio
between first maximum and first mimmum, t, is the time of the first maximum of G, and G, =
G,(t,) is its maximum amplitude. t, = t, /2 is also the cross-over time of G, from positive to
negative values. I1/Q is the ratio between current amplitude and electric charge (see Eqs. 14 and
17). The function G, 1s proportional to the channel current (see Eqs. 12, 15 and 20).

with M = z@f the electric dipole moment QinC, I in m, sinf = o/R, cos® = —H/
R,D = R/Rand R = 1 km. The functions

R
Gy = (__> o F Q2)
c dt3_m

are given in Table 1 for the three cases considered: aperiodic type 1 waves (Equation
13), type 2 damped oscillations (Equation 16), and the intermediate case (Equation
19). The three components symbolized by the subscript ‘““m’’ are, respectively, the
radiation component (m = 1), the induction component (m = 2) and the electrostatic
component (m = 3). Table 1 also contains the maximum amplitude G, = G,(t,) of
the induction component, the time of maximum t, which is also the crossover time of
the radiation component, the time t, of the first minimum of the radiation component,
and the ratio R, between maximum at time t = 0 and first minimum at time t, of the
radiation component: R, = |G,(t,)/G,(0)|. Note that t, = 2t,. The last row of Table
1 gives the ratio of the current amplitude to the electric charge 1/Q.
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FIGURE 4  Type 2 strokes Functions yt., Gats, Ry, and }yQ/T} from
Table I vs d/y

Figure 3 shows a plot of R,, ats, Gat, and |aQ/1] vs f/a for the type 1 waves, and
Figure 4 shows R,, ytz, Gut; and |yQ/1| vs d/y for the type 2 waves These plots 2re
useful for a quick data reduction of observed wave forms of sferics

The functions G,.D™ are plotted vs time 1n Figure 5 for a type 1 wave with the
parameters from Table 2 These represent the electromagnetic field contributions ofa
typical first return stroke of type I In order to make the magnitudes of the G. com-
parable, the value D = 10 (or a distance of 10 km) has been chosen One notices 2
large peak 1n the radiation component (m = 1) att = 0 1n Figure 5, a fast decrease to
a crossover point at t; = 13 psec, a mimumum at time t, = 26 psec, and a slow 115¢ to
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FIGURE 5. Type I first return stroke. Functions G,,
from Table 1 with the parameters of R, from Table 2 at
10 km distance (D = 10). It 1s m = 1: radiation com-
ponent; m = 2: induction component; m = 3: electro-
static component.

zero. The ratio between maximum and minimum of the radiation component is R, =
17. The induction component (m = 2) peaks at t, with a maximum amplitude of G,
= 0.0516, while the electrostatic component (m = 3) rises slowly from —1 att = 0 to
zero within the first several 100 psec.

Figure 6 shows the functions G,D™ of a type 2 wave (D = 10 again) with the
parameters from Table 3. This wave represents a typical wave form of sferics from R
strokes. In this case, the crossover time of the radiation component is t; = 48 usec,
and the ratio between maximum and minimum is R, = 3. Both the induction and
electrostatic components are of the oscillatory form with first crossover points near
135 and 80 usec, respectively.

Figure 7 gives the functions G,, of a type 2 wave with the parameters from Table 3
which represent intracloud K strokes. All three components here have the same order
of magnitude at a distance of 1 km (D = 1). The crossover point of the radiation
component is now at t, = 5.5 usec, and the ratio between maximum and minimum is
again R, = 3.

Spectral Functions
Since Maxwell’s equations are linear, a temporal variation of the electromagnetic
field can be decomposed into its spectral components via a Fourier integral transfor-

mation. A component of the electric field which is zero at times t < 0, for example,
may be written
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Table 4
FOURIER TRANSFORMS OF WAVE FORMS

Type | Type2
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Note Founer transforms of the functions G, 1n Table 1 (smphitude | C’m I and phase ®,) G, (@)
1s the mavimum amplitude of 1 G, i 31 frequency & Also given are the first and second derva
tive of the phase @, with respeet to frequency

from Table 3 These functions asymptotcally approach constant salues for f = @and
fall off as f " and £, respectively, for «w » @ Therr phases change from —150° to 0°
and [rom 0° to 907, respectively, with increasing frequency  This s the general behavior
of these two components

OBSERVED WAVE FORMS OF SFERICS

Wave (orms of sferics observed at some distance {rom the origwt depend on the
antenna charactenstics of the hightnmng channel (electric current distribution, channel
configuration, and arentaton), on the dispersion charactertsties of the propagation
medium between surface of the Earth and 1onosphere (electric conductivity of Earth
and 1onosphere varying with location, tinte of day, and season), and on the transaus-
sion funcuion of the recewver (bandwidth, amphification factor, and time delay depend-
ng on frequency) Since about 100 strohes per second are generated all over the globe,
interference between the electromagnetic fields of two or more strokes excited at nearly
the same time may furthermore complicate the interpretation of the data A certain
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FIGURE 7. Type 2 intracloud strole. Functions G.. from Tabfe I with the parameters

of K from Table 3 at I km distance (D = I). It is 1 = I: radiation compoasnai, mt =
2: induction component; m = 3: eleCtrostatic component.

bias toward the stronger strokes is thus unavoidable in general if wave forms of indi-
vidual strokes are recorded. However, these stronger strokes need not reflect the typi-
cal behavior of an average stroke.

Because of these complications, it is impossible to present in this review a complete
selection of observed wave forms of sferics. Kimpara® and Wang!** have presented
examples of a wide variety of wave forms observed both during the day and at night.
In the following, the discussion is restricted primarily to recent observations of wave
forms of intracloud and R strokes at near and at far distances from the source.

Return Strokes
Near Field Wave Forms

Since each receiver has a finite bandwidth and a finite time constant, it is impossible
to measure with a single instrument the exact electromagnetic field which exisis at the
location of the receiving antenna. An instrument with a large time constant (e.g.. 2
field mill) will measure mainly the total field changes due to the electrostatic compo-
nent while the transient changes due to the induction and the radiation component are
suppressed. On the other hand, receivers with short time constants measure the tem-
poral variation of single strokes more or less accurately. Figure 10 shows eleciric field
changes following three giant R sirokes which were recorded at three different dis-
tances (2. 11, and 19 km) from the lightning flash.'"” These fields are the electrostatic
components. The vertical electric field in this figure is presented as positive downward
according to the definition used in this chapter (see Equation 6§). Figure 11, taken from
the same paper, shows the corresponding shori-time variations of the electric and the
magnetic field of the same three R strokes at an 11-km distance.

According to Figure 6, the stroke R1 apparently belongs to the damped oscillation
type 2 with a fast decaying electrostatic component on which the two other components
are superimposed during the first 40 psec. The maximum of the magnetic field results
from the superposition of the induction and the radiztion components.
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Frequency (kHz)

FIGURE & Specteal amphtudes Gy and phases ©, of the Founer transform of
Gy (Table 43 v¢ frequeney for tvpe 1 currents (dashed hnesy with the paramerers
from Table 2 and for type 2 cutrents (ohd fimes) with the parameters fiom Table
1

Comparison between the wave forms of strohes R2 and R3 with Figure 5 suggests
that these strokes belong to the apersodic waves of type 1 with a slower decay of the
clectrostatic component, and with a radiation component which possesses a short gh
imitial peak

Figure 12 shows typical clectnic and magnetic ficld strengths vs time of sfencs ob-
served at various distances from the source between 1 and 200 km ™ The sohd lines
represent first return strokes, and the dashed lines represent subsequent R strokes
These wave forms are again of the type 2 as immediately apparent from a comparison
with Figure 6 In particular, the radiation component at a 200-km distance has a cross-
over time of about t; = 50 psee and its rauo R, 1s of the order 2 to 3. The parameters
(r,d) 1n Tigure 6 and Table 3 have been derived from the wave forms of the first R
stroke 1n Tigure 12 {see the sechion on **Antenna Characteristics of Lightmng Cur-
rents’’)

Tigure 13 shows further examples of sfertes wane forms observed at distances less
than 500 km '’ According to Taylor,'®” 80% of all measured sferics belong 1o his
groups 1+ and 2+ Ewvidently, his groups 1+ and 2+ have the same charactenstics
of therr wave forms as m Figure 12, namely a rauo between mitial peak and furst
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FIGURE 9. Spectral amplitudes |G| and phases
®,, of the Fourier transforms of G, and G, from Ta-
ble 4 vs. frequency for a type 2 first return stroke
with the parameters of R, from Table 3.

minimum of about R; = 10 3, a crossover point at typically 50 usec, and an initial
positive polarity; i.e., AE, > 0 in Equation 6 in a sense of lowering negative charge.
These wave forms can be attributed to R strokes and are of type 2 according to my
definition. Groups 4 and 5 in Figure 13 are also of type 2 with shorter crossover times
of typically 25 usec. However, their initial peaks are predominantly negative (in 78 out
of 89 cases), which indicates lowering of positive charge either from clound-to-ground
or within the cloud. The only type 1 wave form in Figure 13 appears to be group 3
with a large value of R,. Note that the limiting ratio for type 1 waves is R, = 7.4 (see
Table 1 or Figure 4).

The rise time to the initial peak of the electric field depends on the distance. For
shorter distances they are between 1 and 5 psec with smaller values for the subsequent
return strokes (Figure 14A). Figure 14B presents the amplitudes of the initial peaks
vs. distance. Figure 15 shows the ramp starting time (see Figure 12) as a function of
distance, which varies between about 10 and 60 usec over the range 1 to 10 km.'"!
Typical rise times are 3 psec for first return strokes, and 2.5 usec for subsequent return
strokes at distances greater than 100 km.”* The rise times can decrease to the submicro-
second range if the propagation path is over seawater (Figure 16). The small impulses
preceding the R strakes in Figure 16, labeled ““L’’, are due to stepped leaders. The
large subsidiary peaks following the initial peak of the R strokes in Figure 16 seem to
be limited to a maritime environment.!?’ Typical nighttime sferics wave forms contain

trains of pulses which may result from the generally better propagation conditions
during night.'?*
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FIGURE 10 Electric field changes at 2, 11, and
19 km from a flash On the 11 km field, the leader
portions of the field changes are labeled L1, 1.2, and
L3, and extended {rom the bottam of the R bracket
downward to the field break, the return strokes are
bracketed and labeled R1, RZ, and R3, the intra-
cloud discharge beginning around 360 msec s la-
beled IC The onentation of the electric field 1s ac-
cording 10 Equanon 6 {positive downward) (From
Uman, M A, et al, Scence, 201, 9, 1978 With
permission }

Far Field Wave Forms

At distances beyond 1000 km, the wave guide charactenstics between Earth and
1onospheric D layer substantially modify the sferics wave forms Figure 17 shows rep-
resentative wave forms for east-to-west propagation at distances between 1250 and
4480 km *** The essential feature of these wave forms 1s the bandpass filtermg effect
of the wave guide Only the VLF waves survive The damped oscillations in Figure 17
suggest that they are excited by type 2 hightmng currents

Some lighting currents, probably mainly subsequent R strokes, contain a long
‘‘continuous’’ component, corresponding to relatively large spectral amplitudes 1n the
ELF range (f < 3 kHz) (see Figure 8) The terrestrial wave guide has a pronounced
attenuation maximum around 1 to 3 kHz (see the section on ““Electromagnetic Radia-
tion from Lightming Channels”’} so that the spectral components within this range are
severely suppressed Furthermore, the group veloaity 1s smaller at Jower {requencies
so that the dispersive terrestrial wave guide separates the lower ELF waves near 100
Hz from the VLF waves near § kHz This “slow tail’’ wave form in distant sferics
may be seen 1n Figure 18, which 1s taken from Taylor and Sao '*°
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FIGURE 11. Details of the three return stroke electric
field changes in Figure 10 with the corresponding mag-
netic field changes, as observed 11 km from the flash.
The return strokes are labeled R1, R2, and R3 as in Fig-
ure 10. The orientation of the electric field 1s according
to Equation 6 (positive downward). (From Uman, M.
A. etal., Science, 201, 9, 1978. With permission.)
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FIGURE 13 Examples of atmospheric wave forms. Electric field onientation 1s
according to Equation 6 (posttive downward). (From Taylor, W L., J. Res. Nat.
Bur. Stand , 67D, 539, 1963 With permission. Copyrighted by American Geophys-
ical Union.)

Intracloud Discharges

K strokes are intracloud discharges in channels without contact with the Earth. An
internal discharging process occurs where, in general, positive charge stored in the
upper half of the channel neutralizes the negative charge stored in the lower half.®
Lowering positive charge corresponds to an initial “‘negative’’ polarity AE. < 0 in the
sense of Equation 6.

Figure 19, taken from Weidman and Krider,'*® shows examples of the radiation field
of K strokes observed at distance between 15 and 30 km from the source. One notices
large pulses of bipolar wave form belonging to type 2 according to the nomenclature
in this chapter. Fast smaller pulses of unipolar (type 1) form precede the larger pulses.
The parameters (y,d) used in Figure 7 have been chosen to simulate the K stroke in
Figure 19b. Typical ratios between maximum and minimum of the larger pulses are
R, = 2 to 3. The crossover times are of the order t, = 5 to 10 usec. The rise times to
the initial peak are within the submicrosecond range, and the total pulse width is of
the order of 40 to 50 usec. Most of these strokes occur in isolation, i.e., they are not
followed by R strokes.

On the other hand, sequences of pulses of type 2 with ‘“positive’’ polarity (AE, > 0)
are usually produced in the several tens of milliseconds prior to the first R stroke
(Figure 20 taken from Weidman and Krider'?®). The time interval between the pulses
is between about 50 and 200 psec, which are typically followed 50 msec later by the
associated R stroke. The amplitudes of the pulses are comparable with those of the R
strokes. These pulse sequences are probably related to in-cloud leader processes.

Figure 21, taken from Krider et al.,** shows a high resolution record of pulses pro-
duced by stepped leaders immediately preceding R strokes. They apparently belong to
type 1 and have a total pulse width of only a few microseconds. Sequences of that
kind of pulses with time intervals between pulses of typically 5 psec have been recorded
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FIGURL 14 (A) Electric field rise ime vs distance (B) lnital

peak magmitude vs distance The theoretical curves of part (B)

were calculated by using an inverse distance relationship and the

normalized imtial peak field means for first and subsequent

strokes (From Tiller, J A, et al . 4 Geophys Res , 81, 4430,

L976 With permussion  Copyrighted by American Geophystcal
nion )

during a large fraction of intercloud discharges * Measurements of sferics from intra-
cloud strokes in correlation with the associated radio frequency radmation have been
made by Krider et al

Spectral Amplitudes and Phases

Spectral amplitudes and phases can be derived from individual wave forms of sferics
via a Fourier transformation (see Equation 24), or they can be measured directly with
narrow band recervers (see the section on **Source and Wave Guide Properties Dernved
from Sferics’’) Evidently, the second method 15 a statistical approach where all kinds
of wave forms (R, K, and L, type 1 and 2) contribute to the amphitude spectrum
Therefore, results of those measurements cannot be directly compared with spectra of
individual wave forms However, such comparison does give some mndication of the
relative contributions of the vartous types of waves to the total spectrum
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FIGURE 15. Ramp starting time vs. distance (from Tiller, J. A, et al ,
J. Geophys. Res, 81, 4430, 1976. With permussion. Copyrighted by
American Geophysical Union.)

The spectra of individual pulses depend on the distance. Figure 22 gives the spectral
amplitudes of the wave forms of the first return stroke in Figure 12 at various dis-
tances.'® The amplitude at large distances (curves A and B), where only the radiation
component is significant, peaks near 4 kHz. The spectrum falls off as ' for {f < 100
kHz and even faster for higher frequencies. This is due to the influence of the finite
electric conductivity of the Earth (see the section on ‘‘Electromagnetic Radiation from
Lightning Channels’’). At distances less than 10 km (Curves C to H in Figure 22) the
spectrum shows a steady increase with decreasing frequency down to 1 kHz. This is a
result of the increasing dominance of the induction and the electrostatic components
at these distances (Figure 9A).

The subsequent strokes contain a larger amount of high frequencies than the first
return strokes.'*® The results of Figure 22 are consistent with Taylor’s!°” spectral anal-
ysis of his group 1 and 2 wave forms in Figure 13. The spectral functions of the far
field wave forms in Figure 17 peak between 7 and 10 kHz, increasing with distance.
Spectral peaks of R strokes between 4 and 10 kHz have been reported in the literature
(e.g., Horner and Bradley,*® Dennis and Pierce,'® and Croom'®).

The ELF spectrum of the slow tail wave form of Figure 18 is shown in Figure 23,981
The peak is attained near 70 Hz (Figure 23A), and the phase increases by several cycles
between 10 and 400 Hz. The spectral peak broadens and shifts to higher frequencies
with decreasing distance from the source.*

The spectrum of intracloud strokes contains a larger amount of high frequencies,
which is evident from the much shorter total pulse width. Peak amplitudes between
20 and 70 kHz have been reported.??* The spectral function G, of the K stroke in
Figure 8, which simulates the observations of Weidman and Krider'?® shown in Figure
19, represents that kind of spectrum. The spectra of stepped leaders such as those in
Figure 21 peak even as high as f = 200 kHz.®



ANTENNA CHARACTERISTICS OF LIGHTNING CURRENTS

Overview

The electric current configuration within a ightning channel as well as the geometry
of the channel determune the antenna characteristics for the radiation of electromag-
netic energy Measurements of channel lengths and electric currents within strokes are
discussed 1n the chapter, “‘The Lightning Current’” The average vertical extensions of
R stroke channels are reported to be of the order of 5 km,* *** while those of K strokes
are about 2 km Iong ¢ The channels are 1n general obliquely onentated Their honzon-
tal components may be as large as 10 km **°

Channel diameters are typically a few centimeters 1n thickness The Bruce-Golde
formula (Equation 12) 1s a good description of the average wave form of observed
electric currents at the foot point of the channel on the ground The electric conductiv-
ity within the channel 1s about 10* S/m Optical observations seem to indicate an up-
ward traveling i1omzed wave front, moving along the channel with velocities of between
01 and 03 ¢ ' Bruce and Golde’ assumed that the R stroke expands upward at a
rate

Vo= vge (26)

with v, = 8 x 10" m/sec, y = 3 x 10* sec™ for the first R stroke, and y = 0 for the

subsequent R strokes The electric current remains uniform in the channel up to its
up, located at the height

(e)]

and zero above Charge 1s therefore transferred instantaneously from the base to the
wave front of the R stroke Hill** derived another velocity from the condrtion that the
total charge below the pulse front 1s equal to the imnal charge less that amount which
has flown to the Earth Rai** developed a model for the velocity which has a double
exponential expression Denms and Prerce'® modified the Bruce-Golde model, intro-
ducing a fimte velocity for the charge transfer to the tip of the channel

Finte charge transfer also occurs in the so-called transmisston line model of Uman
and McLamn *** Here, the current has the time and height dependence

I=1@¢-2z/wm)

where 1 (t) 1s the current at the base of the channel and of the form (Equation 12)
The height in the channel 15 z £ 1,, and the current wave front propagates with constant
velocity u upward Above £, the current 1s again zero A transmusston line model with
variable velocity u has been developed by Leise and Taylor ¢* An even more reftned
transmussion line model 1s due to Price and Pierce *

For times smmediately after the return stroke has reached the top of the channel,
the transmission line models predict an exact replica of the imial field peak but with
opposite polarity''* 118 while the Bruce-Golde model yields a field discontimity Both
effects are rarely observed

In order to overcome these deficiencies, Lin et al ™ have proposed a new model
which 1s composed of three separate current components- (1) a short-duration upward-
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FIGURE 16. Eleciric field wave forms produced by first return strokes in Florida at distance
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J. Geophys. Res., £83, 6239, 1978. With permission. Copyrighted by American Geophysical
Union.)

propagating pulse of current associated with the upward-propagating electrical break-
down ai the return-stroke wavefront, (2) 2 uniform current swhich may already be flow-
ing (leader current) or may start to flow soon after the return stroke begins, and (3) 2
‘““coronal current”” caused by the radially inward and downward movement of the
charge initially stored in the corona sheath around the leader channel. They then de-
termined the various free parameters involved by trial and error in order to reproduce
observed sferics wave forms (e.g., such as those in Figure 12).

The major disadvantage of all these models is that they are based more on phenom-
enological aspects than on physical arguments of first principles and that they are not
able to simulate in a consistent manner both tvpes of electric currents which are sug-
gested from the observations.

In the following part of this section, a wave guide model is outlined; this model is
directly associated with the channel parameters length { and diameter d and will turn
out to be surprisingly simple.

Lumped Circuit Model
The evaluation of sferics wave forms in the section, ““Observed Wave Forms of
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Sferics® already suggested that the type 1 wave (Equation 12) of Bruce and Golde’
cannot be the only type, but cather type 2 currents of the form of Equatan 15 predom-
mate in many cases A lumped ciremt model proposed by Oetzel® can simulate both
types of currents In an R stroke

In this model (see Figure 24) negative charge Q = —[Q| 1s stored on the upper plate
of a condenser C at ime t < 0 This corresponds to the excesstve charge within the
channel before the strohe The lower plate of C with opposite charge resembles the
Earth The lossy inductance (the R-L combination in Figure 24) corresponds to the
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electrically conductive lightning channel. The switch is closed at time t = 0, i.e., the
channeli establishes electric contact with the Earth. The discharging current flowing at

time t 2 O is then given by'**

1= —-Q( +6%)

with

Wt = LG,
6 R
1
Wi _~2 D ow?r=E o~
o —7 () o

(28)

G? from Table 1*

which is the same as Equation 15 for y,d > 0, real. Equation 28 reduces to Equation

12 for imaginary d where now

= v % |8}

(29)

This is evidently the case when y > w,, where w, is the resonance frequency of the
lossless circuit, i.e., when R > 2Z where Z = +/L/C is the wave resistance.

*

The resistance R should not be confused with the distance R in Equations 21 and 28.
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FIGURE 19 Electric fields radiated by lightrung discharges at distances of 15 10 30 km Each discharge 1s
shawn on tume scales of 2 msec/div, 40 psec/dv, and 8 usec/div Orientation of electric field 15 positive
upward (From Weidman, C D and Krider, £ P J Geoplnvs Res , 84, 3159, 1979 With permissian
Copynghted by American Geophysical Union )

The voltage between the condenser plates 15

o

u- E‘jm --2 cos st Tsmat) et = 2,0 o0
t

with G, from Table | The total charge on the upper plate of C at time t = 015 then
mdeed

Q= -cuw @31

The tota] energy dissipated within the aircunt 15
-f (Gl lo BIPN.
Pe)rea- 00,05 @ 32
g 4y 2C

This model can also simulate tntracloud discharges 1f one puts a positive charg; c;:
the upper plate of the condenser and g negative charge on the lower plate T :cl
charges correspond now to the charge distribution within a channel without cont :
to the Earth, and the discharging current flows only nternally The net charge 15 zer

Wave Guide Model
Outhne of Theory

e di-
A more realistic mode! of hightning channels must take into account the finit
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FIGURE 20. Electric fields radiated by lightning discharges at dis-
tances 50 to 100 km. The arrows indicate the same event on time scales
of 2 msec/div, 0.4 msec/div, and 40 usec/div. Orientation of electric
field is positive upward. (From Weidman, C. D. and Krider, E. P.,
J. Geophys. Res., 84, 3159, 1979. With permussion. Copyrnighted by
American Geophysical Union.)

ameter and the finite length of the channel. Consider the channel to be a cylindrical
straight wire of length £ and diameter d, with an electric conductivity o. At times t >
0 this wire has contact with the Earth in the case of return strokes, or else spontaneous
discharging sets in at time t 2 0 without contact with the Earth in the case of intracloud
strokes. The orientation of the channel (wire) may in general be oblique. To simplify
matters, however, a vertical wire simulating return strokes with contact to the Earth
is considered first.

The maximum spectral amplitude of return strokes is near 5 kHz (Figure 22) corre-
sponding to a wavelength of 60 km in free space. This is much longer than the channel
length which is assumed to be smalier than 10 km on the average. The propagation of
electromagnetic waves within this wire must therefore be treated by full wave theory,
and a straight wire model will be a reasonable approximation for the low-order wave
modes with wavelengths A, 2 {. The vertical electric field and current must disappear
at the top of the wire (z = £), and the horizontal electric field stfength must be zero
at the contact to the perfectly conducting Earth (z = 0). The wire thus behaves like a
resonant wave guide in which only standing waves of discrete frequencies w, can be
excited.

The problem of electromagnetic wave propagation in a wire was solved long ago by
Sommerfeld.!** It can be shown that transverse magnetic and transverse electric waves
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FIGURE 21 Fast ime resolved records of stepped leader pulses
produced by hghtning discharges over seawater at distances of 20 to
30 km or less Ornentation of electric field 1s according to Equation 6
(positive downward) (From Krder, L P Letal, J Geophys Res,
82,951 1977 Wuth permission Copyrighted by American Geophysi-
cal Union )

can exist in a wire However, only the cylindrically symmetric transverse magnetic
waves are of significance for the energy transport In a resonance cavity of length !
and resistance R with the boundary conditions given above, the electric and the mag-
netic fields of the nth mode within the wire (o < d/2) are's

_ RTnK,

a, 25 Kpo) sz e " nt

o2
n

RT k2
Ey = " (Ko cos 2 o nt 6
=

RT, cKuo -
3, (Kyp) cosh z e nt

B) -
By, X
n
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FIGURE 22. Average spectra of electric fields for first return strokes at dis-
tances (A) 200 km; (B) 50 km, (C) 10 km; (D) 7 km; (E) 4 km; (F) 2.5 km; (G)
1.5 km, and (H) 0.9 km. (From Serhan, G. I. et al , Radio Sci., 15, 1089, 1980.
With permission. Copyrighted by American Geophysical Union.)

with

- @n-Dm

h
n 2¢

;o (n=1,23...)

B4)
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the vertical wave number chosen such that the upper boundary condition for E, and
the lower boundary condition for E, is fulfilled. Furthermore,

kn = wp AV ue, = vV topwy
is the total wave number,

io io
€ T € t — = —
wn @n

is the complex dielectric constant, u = y, is the permeability of free space, and

is the horizontal wave number. 1, is an amplitude to be determined later, and J, and

J1 are Bessel functions of order 0 and 1, respectively.

Discussion of Eigenvalue Equation

Continuity of the horizontal components E, and B,/u at the surface of the wire at
d/2 yields an eigenvalue equation for the eigenfrequencies w,. Within a thin wire of
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1
FS TS S

FIGURE 24 Lumped circuit model of a
return stroke, adapted from Oetzel.**

moderate conductivity where {K,d/2| € 1 is valid, the eigenvalue can be approximated
as follows

ulnu = —v 35)

with

kd? iwk?
u = (——) (c?h? — ?) v = 12K
4c ou c?

x = 1.781 is the Euler-Mascheroni constant. The indices ‘n’ have been dropped in
Equation 35 and the following for convenience.

To fulfill the radiation condition outside the wire, u must possess a negative imagi-
nary term, Introducing

w= Y = %(iwD ) (D,E> 0, real) (36)

Inu

and eliminating u with its definition above, one arrives at

iw = v Fis 37
with
A’D _
vy = - >0 8 =W — 52
A= 2% w? = c*h? + AE
kd+fo o

The constants D and E must be determined by a numerical iterative method. w in
general is complex. If y > w, w becomes purely imaginary. Therefore, the solution of
the eigenvalue equation leads indeed to eigenfunctions of the form of Equation 28.
An (a,f) plot is shown in Figure 25 with a reduced channel length £, = £/(2n—1) (in
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FIGURE 25 Solution of eigenvalue Equation 35 a, fi-plot Isobnes of reduced
channel length £, = £/(2n-1) (soltd hines) and of channel diameter d (dashed lines)
At the dashed dotted fime 13 e = §

km, solid lines) and the channel diameter d {in cm, dashed lines) as parameters The
electric conductivity of the channel 1s assumed to be 0 = 10* Sm™* It can be shown
that the plot in Figure 25 changes only slightly if d 1s replaced by the product Vo d
(in +/Sm) Therefore, Figure 25 can stll be used for arbitrary values of ¢ (10° < 0 <
10° Sm~)1f d 1s replaced by /o d

Figure 26 15 a (d,y) plot for type 2 waves, again using £, and d as parameters The
validity of Equation 36 breaks down beyond thie dotted line m the lower right corner
where [K, d/2| > 1 The transiion from the (y,d) regime (damped oscillations of type
2) occurs at the dash-dotted hine 1n Figure 25 where a = f = y, Thus transition takes
place at the critical resistance

ag,
Repst = 5t G -C logy (nke) (38)
with
C, = =35 ., C, =025 , yms?

For a typical value of 0d? = 1, one arrives at R..., = 2 3 kQ Comparing Equation 37
with Equation 28, one can define a resistance R, an inductance L., a capacitance C.
and a wave resistance Z, of the nth mode as

42 R R

=2 - R R
ond? T2y @y thy)
39
1 1
= = —— 2
G oL, whia " o
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FIGURE 26. Solution of eigemvalue Equation 35. y, d-plot. Isolines of
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eter d (dashed lines). In the lower right corner beyond the dotted line,
the approximation (Equation 35) breaks down.

Furthermore, the wavelength of the nth mode is

Ay T A= = aey (40)

with £, = £/(2n—1) the reduced channel length.

Electric Current and Charge Configuration
Mode Structure of Ground Discharges

211

The eigenvalues (a,f3), or {(y,d), respectively, appear as pairs. Since the total electric
current should be zero at time t £ 0, it is reasonable to assume that the two eigenfunc-
tions are combined in the form given by Equation 28. Since J, (x) = 1 and J, (x) = x/2
for x < 1, the assumption used for the derivation of Equation 35, the skin effect within
the wire is negligible for the lower order modes, and the whole interior of the wire is
thus filled with the same current density. The vertical electric current of the nth mode

within the wire is therefore

d/2

L@ = 2mj' () pdp = —Qu (7], +57)
0
@1
sin 6nt e_7nt

cos hnz
n
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The parameter Q. 1n Equation 41 1s related to the amplitude T, in Equation 33 by

_ Q, (F+3Y

- -0 @2
2%,

Atlarge distances from the channel the ightning behaves like a dipole with the electric

dipole moment

e
M, = 26,‘! coshpzdz = 2(-D"*1Q, 2, @3)
4
where
F 1 2 20
g - la2g 2 2
"oh,om n (2n - )7 “9

1s an effective antenna length of the mode of order n It may be noted that Equations
15 and 12 are verified with the channel length { 1n Equation 4 replaced by the effective
length 1, of Equation 44

The charge density per unit length can be derived from the equation of continuity
and 1s gwven by

_ “n Tn —Tat
Gy = = s hgz {cosant + Tn sin 6nt} e T 45)
n

from which the total change of the nth mode can be determined as

|3

Q, = I q,(2,0) dz @6
[

The energy of the nth mode dissipated during the discharging process within the chan-
nel is

3
Py = 2naf (L) pdp dz dt = Ec-':‘ (Y]

with C, as defined m Equation 39 The radial Poynting vector integrated over the
surface of the channel and over time gives the electromagnetic energy radiated from
the channe! Thisis

P,

o _ @
o = TI (F By dzde = “8
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It has the same value as the dissipated energy. The total energy of the nth mode is
therefore

Q2

P =P, +P = 0
d 49)

n 1S em 2Cn

which just corresponds to the energy P of the lumped circuit in Equation 32.

Dominance of Fundamental Mode

A lightning channel of length £ can carry a multitude of modes of order n. Evidently,
all modes will be excited after grounding, but their amplitudes will depend on the
charge density distribution along the channel just before ground contact. In an imper-
fect wave guide such as the tortuous lightning channel with branches etc., resonance
loses its meaning for the higher order modes which have wavelengths small compared
with the channel length (n 2 10). These modes propagate like free waves. They are
partially reflected at inhomogeneities and damped along their propagation path. Al-
though they are generated at all times during the flash, they are ineffective for trans-
porting electric charge because they interfere destructively. Their contribution to chan-
nel heating is probably of minor importance. These waves give rise to the quasi-
continuous radio noise at frequencies 2 100 kHz (see the chapter, ‘“High Frequency
Radio Noise’’ by Lewis).

Waves of intermediate wave number (3 < n < 10) have wavelengths comparable with
the large-scale inhomogeneities of the channel. On the other hand, their wavelengths
are too large to allow propagation as free waves. Therefore, these waves cannot de-
velop to their full impulse form, and mode coupling from that range of wave numbers
into the other wave modes is expected.

The waves of lowest wave number (n < 3) are the only modes where resonance effects
can lead to the full development of pulse forms like Equation 41. In particular, the
first mode (n = 1) has a wavelength of four times the channel length. This is large
even compared with the large-scale inhomogeneities of the channel. This is the mode
which most effectively transports and redistributes electric charge within the lightning
channel and also heats the gas within the channel to temperatures where liminous
events can be observed. A discharging process where the first mode is involved proba-
bly starts after the channel has reached some kind of stable configuration.

Figure 27a shows the vertical structure of the electric charge density and current of
the first two modes (n = 1 and 2). In the case of the first mode, the vertical current is
upward (positive) within the whole channel, and the total negative charge is drained
to the Earth. The wavelength is A, = 4f. This contrasts with the second mode, for
which only the negative excess charge within the lower part of the channel gives rise
to an upward current from the Earth. An internal downward current discharges the
regions of opposite electric charge in the upper part of the channel. Both the height
integrated electric current and the total charge Q are negative as apparent from Equa-
” tion 43. The situation is analogous for the higher order modes. The region of down-
ward draining of electrons to the Earth is only the fraction 1/(2n~1) of the total chan-
nel length, and the internal discharging currents are alternatively upward and
downward. ‘

Mode Structure of Intracloud Discharges ’ ’

No current can flow across the lower boundary for intracloud strokes so that the
vertical electric field must also vanish there. Nevertheless, the results just presented
can still be used if the channel £ of the return stroke is replaced by a channel of length



214 CRC Handbook of Atmospherics
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Helght

Charge Density Vertical Current

FIGURE 27 Heght distribution of charge density q. (left) and
of vertical electric current I, (right) for the two first modes of order
n = land2 (A)Return stroke, (B) mntracloud strohe

27 with the lower half of the channel behaving symmetrically with respect to the upper
half If H 1s the height of the center of the intracloud strokes, the total charge withm
the upper half of the channel 15

Ol

H+Q
h = j‘ q, (2 ~ H,0) dz (50)
H

The total charge within the whole channel 1s zero, and the total energy 15

B, = QhfC, [E33)
with an effective antenna length

. I
" (n-1)n

(52)
mstead of Equation 44

Figure 27b shows the vertical distribution of charge and current density of the first
two modes of mntracloud strokes The discharging current of the first mode ts directed ~
downward (or negative) within the whole channel if positive charge 1s stored withm
the upper half of the channel The current direction changes alternatively for the sec-
ond mode, but the net current is upward directed Analogous distributions exist for
the higher order modes.

Channel Heating
The waves in Figure 27 are standing waves which are excited instantaneously along
the whole channel This would seem to be n conflict with photographic measurements
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during R strokes where luminosity is observed to travel from the ground with velocities
of the order of 10® m/sec. The upward velocity generally decreases from the bottom
to the top.!'® This discrepancy may result from the fact that luminous events cannot
be seen before a certain threshold of heating within the channel is exceeded. Since that
threshold depends on the second power of the electric current integrated over the time,
it will be reached later at greater heights because the electric current of the dominant
first mode decreases upward (see Figure 27a). The luminous event may thus only give
the illusion of a propagating wave front which does not actually exist. To obtain a
rough estimate, one can use the energy equation in the form

oT RI?
C, — = -
P St v 53)

with ¢ = the constant gas density, c, the specific heat at constant volume, T the tem-
perature, R the total resistance of the channel, I the electric current of the first mode
from Equation 41, and V the volume of the channel. Integrating Equation 53, one
may calculate the height z,, where the temperature T,, = 10,000 K is reached at time t,,

z = -2—Qarcos —I}-t—‘-‘e—ml— . (54)
m w rI_)oule
where
Oiperm = £C (Ty ~ Tg) S 9MIm™ (55)

is the thermal energy density necessary to heat the channel to a temperature of T,

where luminosity starts,*** T, is the temperature of the channel prior to the discharge,
and

t
T2 em 2 . =2
0 . RO (e—a‘t _e—ﬁlt) g < 2lais - Q (56)
joule v ="y _~ZC!V
[

is the total dissipated energy density with P, from Equation 47. According to Equa-
tion 54, the channel can never be illuminated up to its very top. In fact, luminous
events can only be initiated when 2P ../ V > Mperm.

Channel Parameters Derived from Observations
Type 1 First Return Strokes

Dennis and Pierce’® have summarized the observed wave forms of electric currents
of R strokes (see also Reference 55). These wave forms belong to type 1. Their param-
eters 1, «, and B are given in Table 2 for the first R stroke (R,). The currents are
proportional to G, in Table 1. The R, wave configuration was given in Figure 5.

If one assumes that the parameters (a,8) of the R, stroke in Table 2 represent the
mode of order n = 1, it follows from Equation 35 or from Figure 25, that the channel
length is £ = 7.9 km and the channel diameter is d = 1.55 cm for an assumed value
for the electric conductivity of ¢ = 10* S/m. Since £ and d uniquely determine the
configuration of the straight cylindrical channel, the reduced channel lengths £, of the
higher order modes follow immediately from Equation 40.



216 CRC Handbook of Atmospherics

The values of the diameter d, the total charge derived from Equation 42, and the
total power derived from Equation 49 for the first mode (Table 1) are quite consistent
with the corresponding values reported n the hiterature 3 ** ''* Note, however, that the
theory determines only the product od?, and the diameter may vary if another value 1s
adopted for o The channel length £ = 7 9 km appears to be larger than the value of
4 km determined mainly from photographic measurements 7’ **' One should recall,
however, that the luminous effects are secondary processes occuring after heating the
channel above a certamn threshold With the values from Table 2 and Equations 54 to
56, one may estimate a maximum height of 3 6 km, where lummous events can be
expected, 1 e , much closer to the measurements of Malan and Schonland ”*

Type 1 Subsequent Return Strokes
The electric current configuration of subsequent R strokes has been sunulated by

L= Tewet— e+ T, et -, e"’"} 57
with
« =00l4us® , § = 6us? . I = 10kA (From Reference 16)
@ =000lps® , I,= 25kA (F'rom Reference 113)
8 =8

The last term 1 brackets in Equation 57 has been added n order to conform with the
theory That term 1s negligtble except for the first microsecond The first term on the
nght hand side 1n Equation 57 cannot belong to the mode of first order because, ac-
cording to Figure 25, a channel length of only 1 9 km would result m that case The
observations show, however, that the ck 1 lengths of sut strokes are m
general longer than the channel lengths of R, strokes **? If one tentatively assumes the
same channel length for the first and the subsequent strokes, and if one adopts the
value 8, = 6 psec™, then the channel diameter d = © 32 cm, and the values for a, of
the three first modes lie between 8 6 x 107* usec™ and 0 019 psec™ (see R, m Table 2)
All three modes belong to type I Apparently, the experimentally derived form (Equa-
tion 57) ts the sum of the three first modes With the parameters for I, given i Table
2, Equation 57 can, n fact, be well simulated by these three modes

Because of the large dissipated energy and the small channel volume of the typical
subsequent return strokes 1n Table 2, Equation 54 would suggest that nearly the entire
channel length will be illuminated This gives the impression of having a longer channel
than that of the R, stroke

Type 2 Strokes

Type 2 return strokes with the parameters i Table 3, which represent observed sferic
wave forms (Figures 12 and 13), have values of f and d which are surprisingly large
They 1mply that the associated channels are huge and oblique to the ground Since the
dissipated energy 1s relatively small, the luminosity of these channels may be famnt
The diameters of about 3 to 5 cm are within the upper range of data expected from
other measurements * The parameters used i Figure € are from the first return stroke
R,mn Table3

The values 2¢ = 4 3kmand d = 1 6 cm (with ¢ = 10* S/m) can be deduced from
the parameters of the type 2 K stroke 1n Table 3 and Figure 7 Again, the channel need
not be vertically onentated
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ELECTROMAGNETIC RADIATION FROM LIGHTNING CHANNELS

Vector Potential of a Line Current
Vertical Channel

Most theoretical calculations of the electromagnetic radiation field from lightning
approximate the real lightning channel by a vertical straight line in which flows a one-
dimensional electric current. The vector potential of the vertical line current in free
space is'®

A= (0,0,A,) (58)

with the z-component

A, = = 5 (1] 9z (59)

[I] is the current to be taken at the retarded time

t. = t—R/c (60)
where (see Figure 28a)

R? = p? + @z —2) ; sin6 = p/R ; cos8 = (z—2)/R (61)

(0, ') are the coordinates of the lightning channel. (g, z) are the coordinates of the
receiving point P. The magnetic and electric fieldstrengths are then derived from

B

"

VX A ; "—'-—-—a——CzVIV'Adt 62)

where by definition E = 0 as t = . In a cylindrical coordinate system the only non-
vanishing components of the electromagnetic field are E,, E,, and B,. The reflection
of the waves at the highly conducting earth can be taken into account in the usual
manner by adding an image line current located at the height -H (see Figure 28a). Its
field components have the same form as those obtained from Equation 62 if one re-
places H by -H, z’ by -z’, R by R, 0 by 8, and |I ()] by |I (—2')]. For a receiving point
on the ground (z = 0), R~ R, § = 7 — 6, and the horizontal component of E disap-
pears while the remaining components double:

E,+E, =0 ; E,+E, = 2E

z z z

By + By = 2 B¢ (63)

where E,,, E., and B, are the field components of the image line current.

Oblique Channel
The wave field of an arbitrarily orientated line current can be determined simply
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FIGURE 28 Geometry of lightming channels
and thewr 1mages (A) Vertical channel (B)
obhque channel

from a transformation of the coordinate system and by an appropriate ortentation of
the image current (see Figure 28b) Rotating the line current by an angle ¢ with respect

to an axis 1n the (x,z) plane, one obtains the following components (now in a Cartesian
coordinate system)

Ey = (B + Ep) cost cosp — (E, — Ez) sing
E, = (E,+E)ums
E, = (- ) smt coss + (8, + Ey) cost
- €4
By = —(B, +B,) cost sino
B, = (B, + By coss
B, = — (B, ~ B,) sing smo

If one has a honizontally onientated line current ({ = 90°) and a receiving potnt on
the ground (z = 0), the field reduces to the simple form

E, = 2E, cos¢
63)
By = 2By coss
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Field Components
Effects of Finite Channel Length

The components of the electromagnetic field derived from Equations 62 and 64 de-
pend on the electric current model to be included in Equation 59 and on the orientation
of the channel. Most authors use a vertical channel and either the Bruce-Golde model
or the transmission line model for the lightning current.$e-5! 68 73.79.92.114- 116 | eVine and
Meneghini®® simulated the lightning channel by using arbitrarily oriented piecewise lin-
ear current elements. The currents were taken from the transmission line model. All
calculations assume propagation above a perfectly conducting Earth.

In the following, a vertical channel centered at height H above ground with the
model current from Equation 41 is considered. For each mode of order n (for conven-
ience, the index ‘‘n’’ is dropped) the cylindrical components of the electromagnetic
field over a perfectly conducting Earth with the receiver on the ground are

H+¢'

o) G G, G
E, = Q_ J' sin?g — + (1 -3 cos’B) (—2 + J;)
27e R3 D D D
° H-oL
cos h(z' — H) dz’ + residuum (66)
_ H¢
G G.
cBy= — Q_ J' sing (—Dl + —:) cos h(z' ~ H) dz’
21reoR3 D
H-L

with G, (t,) in Table 1 taken at the retarded time

t = t—Rfjc =t +R /c—R/c 67

T

Againitis D = R/R with R = 1 km a normalizing distance, and R, = /o? + (H-L)?
is the shortest distance between lightning channel and the receiving point P (see Figure
28a). H is the height of the center of the channel above ground, Q is the total charge
within the region (H, H + £) at time t = 0. For return strokes, onehas H = L = 0
and the channel reaches from the ground to the height £. For intracloud strokes, the
total channel length is 24, and L = £. The time t is the channel time, and the discharg-
ing process is assumed to start att = 0. The time t' = t — R,/c is the receiver time
and the first signal will reach the receiving point P at t' = 0. The length £ is that
location on the channel where the last signal reaches the point P at time t':

Vit'+ R —p* —H ct’
Q' = for
Q ct

ct
(68)

ct

v A

with

ol = VAT -k,

giving the time when radiation from the whole channel reaches the receiver. The resid-
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uum of E, takes into account the fimite charge stored within the channel at time t' <
0 Itis

_ H4e \
restduum = — Q_’ ,I .(J'_a.%(lsﬂcosh(l'—ﬂ)dz’ (69)
2me,R
°7 Hie

The expressions for the field components become somewhat more complicated and the
integration boundaries change for a receiving point at heightz >0

The G,. can be taken before the integrals in Equation 66 for distances R ® £, and
the field components then become 1dentical with the fields of a vertical electric dipole
(Equation 21) with dipole moment M from Equation 43 and an effective antenna
length I from Equation 44 for R strokes, or from Equation 52 for intracloud strokes

Numerical Results

The time dependence of the electromagnetic field components for a ground-based
observer (z = 0) calculated from Equation 66 are shown in Figure 29 using the param-
eters of the type 1 first return stroke R, i Table 2 at the three distances 1, 10, and
200 km The dashed lines in Figure 29 give the radiation component {m = 1}, mnduction
component (m = 2), and electrostatic component {m = 3) of the vertical electric field
E, and of the azimuthal magnetic field B, In order to compare these curves with
observed sferic wave forms, the values AE, from Equation 6 are plotted The left or-
dinate 1s for the electric field scaled 1n volts per meter, and the right ordinate 1s for
the magnetic field scaled 1n tesla Note that the umt of cB, 1s volts per meter, and the
left ordinate scales also cB,

The sohd lhines give the total field which 1s the sum of the three components For
comparison, the dash-dotted lines are the dipole approximations of the total field ac-
cording to Equation 21 with 8 = 90° Except for the first microseconds, that dipole
field 1s an excellent approximation of the radiation field at 200 km distance The real
wave forms peak near 1 psec and have maximum amphitudes reduced by a factor of
about 1 4 as compared with the maximum of the dipole field which peaks at t = 0
Both the electric and the magnetic components are nearly identical

At a distance of 10 km, all three components are of the same order of magmitude
The first relative maximum of the E field at 3 psec 15 due to the radiation component
At times larger than the crossover time of that component, the electrostatic component
domunates and increases the total field Ths 15 called the “‘ramp”’ by Lm et al ”* The
rachation component and the induction component of the magnetic field lead to a
maximum at time t < t; which 1s called the *‘hump’” by Lin et al ”* The dipole approx-
imation 1s still a reasonable approximation apart from the first few microseconds

At a distance of 1 km, the situation 1s simlar to that at 10-km distance except that
the influence of the radiation component has been reduced At this distance, however,
the dipole approximation grossly overestimates the magmtudes of the fields although
the wave forms remain similar Note the logarithmic scale for the dipole field at 1-km
distance

The calculation of the wave forms of the subsequent type 1 strokes (R, in Table 2)
give similar results as for the first R stroke with the difference that the peak of the
radiation component occur at around 0 1 psec and the crossover times have shifted to
a few muicroseconds Furthermore, the higher order modes (n = 2 and 3 mn Table 2)
exhibit a rather complicated behavior during the first few microseconds because of the
complex vertical electric current configurations within the channel

Figure 30 shows the calculated electric and magnetic fields vs time of the type 2



Volume I 221

Electric Field E, Magnetic Field B,
Type 1
100 ~ e — Rf
e “DiroLe 1
//
10 -/ ,/D—ME\
!
KVim | P
1.2F
0.8 g=1km
L
. oaf
0 H S et

-
ol

-0.4

Vim
=10 km
01 DieoLe DiroLe 10
! N
ar 9=200km
vim | 7 %0
ot | nT
0 H—>—t ! : >t t - 0
0 2 50 75 0 2 50 75
Time (ps)

FIGURE 29. Type 1 first return stroke with the parameters of R, from Table
2. Calculated vertical electric field (left) and azimuthal magnetic field (right) vs.
time at three distances 1, 10, and 200 km. Solid lines: total field; dashed lines:
radiation component (m = 1), induction component (m = 2), and electrostatic
component (m = 3). Dash-dotted lines: total field of dipole approximation
(Equation 21). The scaling on the right in uT (10°* Tesla) and nT (107 Tesla),
respectively, equals the scaling on the left in volts per meter if the magnetic field
is multiplied by the speed of light c. Note that the scaling of the dipole field at
1 km distance is logarithmic. Orientation of the electric field 1s according to
Equation 6 (positive downward).

first return stroke with the parameters of R, in Table 3, plotted in the same manner as
in Figure 29 at the three distances 1, 10, and 200 km. The dotted lines are observations
of a first return stroke reproduced from the data of Lin et al.”? in Figure 12.

The agreement between the observations and the model is excellent at 200-km dis-
tance. In fact, the parameters in Table 3 have been selected such that the fit at 200-
km distance is optimal. The theoretical amplitudes are somewhat smaller than the ob-
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FIGURE 30 Type 2 first return stroke with the parameters of R, from Table 3 No-

tation as m Figure 29 The dotted hnes are observed wave forms of first return strokes
reproduced from Lin et al * (the sohid curves 1n Figure 12) The open circles at 1 km
distances have been calculated for a dipole situated at a height of 670 m over ground
Orientation of the eleciric field is positive downward

served data at 10 km, although the agreement between the wave forms 1s reasonable
In particular, the *‘ramp’’ due to the electrostatic component {m = 3) in the E-field
and the ‘“hump’’ 1n the B-field are clearly visible The electrostatic component of the
E-field 1s too small to adequately reproduce the “‘ramp’™ The model also does not
simulate the ‘“‘initial peak’ 1n the data of Figure 12 At I-km distance, the calculated
field strengths are an order of magnitude too small compared with the observations
although agam the wave forms are similar This discrepancy may be not too surpnsing
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in view of the simplified model here which only simulates the vertical part of a real
oblique channel. The huge channel length of nearly 20 km already indicates that the
channel must possess a significant horizontal extent, and it is well known that the
horizontal part of an antenna near the ground contributes significantly to the electro-
magnetic field only in the immediate vicinity of the antenna.'*® This idea is supported
by the behavior of the dipole approximation (the dash-dotted lines in Figure 30). While
a reasonable approximation at 200 km, it somewhat overestimates the observed field
at 10 km, and it grossly overestimates the field at 1-km distance. On the other hand,
the calculated field of the vertical channel underestimates the measurements. Hence,
a vertical antenna having a dimension between { = 0 (dipole) and £ would reproduce
the measurements at 1 km although many details would be lost.

For example, a dipole located at a height of only H = 670 m produces total electric
and magnetic fields at 1-km distance as given by the open circles in Figure 30, and
thus simulates rather well the observations at those distances. The reduction of the
fields is due to the sind — and cosf ~ terms in Equation 66. At distances ¢ 2 10 km,
that elevation of the dipole is of no relevance for the field components.

The results for the type 2 subsequent return stroke (R, in Table 3) are similar to
those of Figure 30. However, because of the smaller channel length of about 13 km,
the agreement between the measurements in Figure 12 (dotted lines) and theory is
somewhat better at 10-km distance than in the case of R, in Figure 30. The model is
still inadequate at 1-km distance. The same arguments concerning the effect of radia-
tion from oblique channels at short distances hold here as in the case of the R, stroke.

Lin et al.”® state that their observed wave forms in Figure 12 are typical for first and
subsequent return strokes. This is consistent with Taylor’s!*” findings that about 80%
of all observed wave forms belong to type 2 (according to our nomenclature). On the
other hand, the Bruce-Golde formula (Equation 12), based on direct current measure-
ments at the base of the channel is of type 1. The question thus arises why type 1 sferic
wave forms are apparently so rare. A possible answer may be as follows: the dissipated
energy in type 1 return strokes is much larger than the threshold energy necessary for
illuminating the channel (compare P,,, in Table 2 with the threshold energy computed
in the previous section). A significant part of the channel will therefore be visible.
However, the average type 2 return current associated with the observed wave forms
of sferics in Figure 12 dissipates a much smaller amount of energy (see column P.,, in
Table 3), so that the lightning stroke may be at or even below the threshold of visibility.

Figure 31 shows the radiation component (m = 1) of a typical intracloud X stroke
situated at a distance of 25 km from the observer and centered at a height of 5 km
above ground. The channel parameters were derived from the wave form in Figure
19b and are given in Table 3 and Figure 7. The solid line in Figure 31 is the dipole
approximation. The dotted line is the exact solution from Equation 66. The signal
from the bottom of the channel reaches the receiver about 1 usec earlier than the signal
from the dipole at the center of the channel. This explains the time difference at the
beginning of the wave form.

The Energy of the Radiation Component
Considering a dipole approximation over an ideal Earth, the total radiated energy
from the lightning antenna at great distances is'®

12

o
. 27 . M3ag?
Frag = f.f ¥ " %

rad = J ) B} r* sino do dt e B (70
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FIGURE 31 Radiauon component (m = 1) of a tvpe 2 intracloud strohe
with the parameters of K from Table 3 The distance from the lightming chan
nel ts 25 km  the center of the channel 1s located at 5 km height Solid line
dipole approximation oser a perfectly conducting Earth {Equation 21}
Dashed ltne dipole approximation over an mmperfectly conducting Earth
with conductivity o, = 3 x 107* S/m (Equation 76) Dotted hine exact caleu-
lation over a perfectly conducting Earth (Equation 66)

The ratio between P,,, and the energy of the Poynting vector P.,, of mode n just outside
the channel (Equation 48} 1s

Pad| B,V o
Femd, 3em’m-1)?

with @, the maximum spectral frequency from Table 4, and V = gnd*/4 the channel
volume The fractions Equation 71 for the strokes considered are mcluded in Tables 2
and 3 (expressed in percent) The most efficient antenna 15 the type 2 K stroke, which
transmits 16% of 1ts electromagnetic radiation n the radiation component to the far
field The type I subsequent stroke 1s a2 poor radiator due to 1ts small channel volume
Only @ 1% of its electromagnetic energy 15 transferred nto the radiation compaonent

Pulse Dispersion 1n the Atmospheric Wave Guide
Ground Wave

The finite electric conductivity of the Earth and tonosphere influence the propaga-
tion charactenstics of electromagnetic waves * 2 If the transmission function of the
wave guide between Earth and 1onosphere 1s W (g, w), then the radiation component
of the electric field of a vertical electric dipole can be obtained from the Fourier trans-
form

Lo =+ [ Lewe " o a2

2 J,
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where

- oM = R
Elow) = == G, gwR/le

sin?0 Wip,w) = | £,] ' (73)

with G, (w) the Fourier transform of the field over a perfectly conducting Earth as
derived in Equation 25 and also tabulated in Table 4.

The ground wave dominates of distances smaller than about 300 km. The transmis-
sion function of the ground wave for the case of transmitter and receiver on the ground
can be approximated by

X2
- X (74
Wole,w) 2(C — 1w) (D —1w) )

with

X=-4 2E .04/ E C=XA D=
€,P P 2A

0.496 + 0.853i(pinkm ; opinSm™ ; Xinus™)

>
1}

or is the electric conductivity of the surface of the Earth.

>
i
>$'! En

(75)

is the numerical distance.'°®
The radiation component of the vertical electric field of the dipole in Equation 21
is modified by the Earth according to Equations 72 and 74 as

. _ T?Z—uOX’ Real ae—mf ﬁe—ﬁtr )
Ao = — o R\ T e m o TG DG-0 -0

—Ct —-Dt
Ce T _ De T
{(a—C)(ﬁ-—C) (‘!—D)(ﬁ—D)}

with t, = t — g/c the retarded time. Figure 32a shows the effect of distance on the
radiation component of the vertical electric field of the dipole situated on the ground
simulating the type 2 first return stroke in Table 3. The conductivity is g = 107 Sm™'.
The time of minimum and the crossover point shift to later times, and the minimum
amplitude decreases with increasing distance. In Figure 32b the electric conductivity is
varied at a constant distance (¢ = 100 km). The minimum shifts to later times and
the minimum amplitude decreases for a decrease in the conductivity. The dashed line
shows for comparison the radiation component of the dipole over a perfectly conduct-
ing Earth. The observed rise times of about 3 psec'’-”! are best fitted by an electric
conductivity of about 3 x 10 S/m.

(76)
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The dashed hne in Figure 31 takes tlus propagation effect into account for the dipale
radiation of the K stroke at a distance of 25 km The propagation effect 13 evidently
similar to the effect of a fimite antenna length, thus decreasing the maxsmum amphtude
and shufting the rise ime to later imes

The magnitude of the speetral function of the type 2R, stroke, 16| {W,I/D 15 plotted
n Figure 33 vs frequency for p = 200 km and o, = 3 X 107 S/m The dotted line s
taken from Figure 8 The nfluence of the imperfectly conducting Earth becomes 1m-
portant at frequencies w > X, or for {2 200 kHz In that range the spectral function
falls off as {2

SAylWave;

The propagation of VLF waves can be described by ray theory at distances ¢ S 1000
km Within that range the transmission function of the vertical electric field 1s (see the
chapter on Low Frequency Wave Propagation by Harth i Volume [1)*?

Vo= W+ ZW, an
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FIGURE 33. IG,\\'/DI vs. frequency for four different distances.
Dashed line at 200 km distance 1s for W = | (perfectly conducting
Earth).

where W, is the transmission function of the ground wave (Equation 74), and

ARy iZe,-n)
W = 2RPRSAT! —— = sin®ye © " (78)

is the transmission function of the n-hop sky wave. R, and R, are the reflection factors
of the ionospheric D layer and the surface of the Earth, respectively. Finally,

p
tang, = y 1.2 = p?+4n’h ? 79
n 2ah_ n p n (79)

with h, the virtual height of the n-sky wave, 8, the angle of incidence and r, the phase
path of that wave.

Within the VLF range and at distances ¢ <500 km one may approximate R, = I and
R, > A (0.1 < A < 1).**° The radiation component of sky waves from a vertical dipole
are thus modified according to Equations 72 and 78 as

~ n._. oM '
“z sky wave 24" sin6, D G: () 80

L



228 CRC Handbook of Atmospherics
with

o=t

(=9
T {

=t 8D

t, 1s the retarded ume from Equation 76, and

_ =P

3

(82)

1s the difference between the arrival times of the n-hop sky wave and the ground wave
The symbol **s’" 1n Figure 13 indicates the arrival time of the first hop sky wave

A clear separation between ground wave and first hop sky wave 1s possible only if
the time difference At, 1n Equation 82 1s comparable or larger than the pulse length of
the sfersic With a pulse length of the order of 100 to 200 usec in the case of R strokes,
the limiting distance where separation 1s possible 1s about g £ 125 to 300 km duning
daytime (h, = 70 km) and @ € 250 to 500 km at night (h, > 90 km) For K strokes with
thesr much shorter pulse lengths of about 20 psec, the limiting distance increases to
more than 1500 km during the day and about 3000 km at mght Multihop propagation
may even be possible, especially during the might .

The method of locating thunderstorms by determining the delay tume At, between
ground wave and first or multthop waves was used extensively in earlier times®” * and
15 still used today ' 78 198

Far Freld

Mode theory more appropriately describes VLF propagation than ray theory at dis-
tances greater than about 1000 km, because at these distances normally not more than
two modes are mnvolved 1n the transport of wave energy The transmission functions
of the modes are? ***

—A,+
w =1 ) ampe | (—Aq *iB)p
" on sin® w

(0 £ 500 km)

(83)

© = gra s the pole distance between recever and transmutter (a 1s the radius of the
Earth) K, s an amplitude factor, A, an attenuation factor, and B, a propagation
factor All three factors depend 1n a complicated way on frequency, geographic loca-
tions of recerver and transmitter, and time of day, and season

For the first mode, which dominates within the VLF range, one may approximate

K, =1 ‘A:a'":cl+l’_‘, SR
4wh®  h Bwh?a,
84)
G515 15kH)
with
€qW
2, = 0001w*? , b = kd
20

, = 45%X10°%Vw (wins?) -

o
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h = 70 km at day time; h = 90 km during night. For the mode of zero order, which
dominates within the ELF range, the approximation is

3,
K,~05 : A, =B, = TO (100 S £ £ 2000Hz)  (8%)

witha, = 2.35%x 107 w?*? (w in sec™*). h is the virtual height of the wave guide.

The higher order modes become more and more important within the LF range (f >
30 kHz), and the effective attenuation factor due to superposition of several modes
increases with frequency. That factor can be simulated during davtime conditions by
the function

A = exp {F(D} (3 S £ S 100 kHz) (86)

withF(f) = a(logf)* + blogf + ¢; (fin kHz);a = 0.95; b = -2.53; ¢ = —1.83.
Since formulae Equations 84 to 86 can be expected to give only rough estimates, the
exact values may differ substantially in individual cases.

Figure 34 shows the magnitude of W as derived from Equations 83 to 86 as a func-
tion of frequency for the three different distances 1000, 3000, and 10,000 km. One
clearly notices a window of low attenuation shifting from 7 kHz at 1000 km to 18 kHz
at 10,000 km in the VLF range, and a second window within the ELF range. Maximum
attenuation occurs near 2 to 3 kHz. The bandpass effect of the atmospheric wave guide
becomes more pronounced with increasing distance.

Figure 33 shows the function {G, W/D] vs. frequency for the type 2 first return
stroke R, from Table 3 as determined for the ground wave at 200 km and from Figure
34. Due to the spectral function G,, the bandpass effect at large distances becomes
even more remarkable. It is that bandpass effect which gives rise to the slow tail wave
forms in Figure 18. According to Pierce,®® the most frequent ratio between VLF to
ELF amplitudes is 10:1. On the other hand, the bandwidths of the two windows in
Figure 34 have a ratio of about 100:1, and spectral amplitudes in the ratio of 1:10.
The type 2 R siroke thus has a VLF/ELF ratio of about 100:1, which is an order of
magnitude too large to account for the observed ELF siow tail. Only a type 1 subse-
quent stroke R, (Figure 8), which has a spectral amplitude ratio between VLF and ELF
of I:1 and thus a VLF/ELF ratio of about 10:1, is able to generate a significant ELF
slow tail.

Phase Velocity and Group Time Delay
The phase of the spectral function in Equation 73 is
_fw T
‘l’—(—F+Bn)p+®l+z 87

The phase velocity vp, defined from aW/9t = w, is
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Transmission funnions |W.j from Lquaton 83
durmg day tme conditiens th = 70 km) vs frequency for three
different distances (1 Mm =
mode (n

1000 km) Sohd hnes first arder

1) with the parameters from Equation 84 and 86
Dashed lines zerath order mode with the parameters from Equa
tion 85

ve becomes larger than the speed of ight ¢ 1f B, <0 That s the case for the first mode
(Equation 84) within the lower VLF range *** Since B, > 0 for the mode of zero order
{Equation 85), v, 1s less than ¢ within the ELF range The group veloanty, defined from
AW/0w =ty 18

T T S e )
The group time t, 15 then
(g=%+p%+% (90)
and the group time delay difference (GDD) between two spectral bands becomes
GDD = 1 ; —t \ = -{pm" +ﬁi}Au , <f) On
sfa zr‘ Tt aut o = h

where the last term of the nght-hand side 1s valid 1f both frequencies are sufficiently
close together The first and the second derivatives of @, are listed in Table 4 The

time difference between the two pulses i Figure 18 15 the group time delay between F,
= 100 Hz and F, = 20 kHt according to Equation 90

3B,

at —
B 3w

20, | a0,
dw 3w
1

92)
o fy
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For the type 1 subsequent R stroke during nighttime conditions (h = 90 km), it follows
from Equations 84, 85 and Table 4 that

Atg = 0.2p + ¢ (o in Mm; Atg in msec) 93)

with ¢, = 0.76 for waven = 1, ¢, = 0.14 for wave n = 2 in Table 2. Equation 93
corresponds nicely to the formula for the so-called separation time between the oscil-
lation head and the ELF minimum such as in Figure 18, which has been experimentally
established by Hepburn and Pierce.*’ The group time delay difference (Equation 91)
applied to the lower VLF range has been used by Volland et al.'*' and Schifer et al.®®
See also the section which follows.

SOURCE AND WAVE GUIDE PROPERTIES DERIVED FROM SFERICS

Probability Distribution of Sferics from Single Thunderstorm Centers
Spectral Amplitudes (SA)

It has been shown in the previous sections, that two types of lightning currents can
exist which have either an aperiodic wave form (type 1) or are damped oscillations
(type 2). Their individual wave forms depend on the channel characteristics. The pa-
rameters of several typical lightning currents are tabulated in Tables 2 and 3. One
expects to observe a broad spectrum of sferic wave forms. In principle, it is possible
to determine the channel parameters from each sferic arriving at a broad band receiver
if the distance between source and receiver is known (see the section on ‘‘Channel
Parameters Derived from Observations™’).

In order to perform a systematic statistical investigation, it is more convenient to
observe at a few frequency bands with narrow band receivers. The output voltage U
of an ordinary narrow band receiver gives the spectral amplitude from Equation 73
multiplied by a factor y which depends on the bandwidth, the amplification of the
receiver, and on the antenna properties:

U= xIE,l= xgwhblp,w o4

with g (w) = 9MG, and b (o,w) = |W|/D; SA = g b is a spectral amplitude. Given a
receiver threshold S, only signals exceeding that threshold will be recorded:

Uuzs (95)

If the spectral functions g at the source have a probability distribution P(g) at fre-
quency w, the number of sferics exceeding the threshold S from a thunderstorm center
at the distance ¢ within a certain time interval is

N(o,w,5) = Ny | P(e) dg (96)

>§-|U"¢—\g

where N, is the total number of sferics generated within the activity center during the
time interval considered.



232 CRC Handbook of Atmospherics

The statistical mean of g 1s defined by

g= I g P(g) dg 97
)

The probability function does not contain only ane type of lightmng, but rather rep-
resents a weighted mean of all hghtning types (cloud-to-ground as well as intracloud
strokes) each of these types having a stochastic distribution of electric charges stored
within the channel (or of its electric moment M) Therefore, the statistic mean g cannot
be compared directly with one of the spectral functions in Figure 8, and it may vary
with geographic location and time of day and season depending on the relative abun-
dance of the lightning types within an activity center

The probability function P(g) can be determined from observations by counting the
number of sferics arriving from an activity center which are within a certamn voltage
range (U,, U,) Itisconvenient to scale the voltage amplitude logarithmicalily

=20 log% (L 1n dectbely o8

Figure 35 shows two examples of distributions of the number of sferics vs L registered
on October 10, 1979 (04 40 to 04 55 GMT) near Bonn, Germany, with the automatic
equipment described 1n *‘Instrumentatton,” Volume I The frequency 1s 5 kHz. The
two distributions belong to thunderstorms situated 4600 km WNW, and 7300 km W
from Bonn The behavior of these distributions which are typical examples, is not very
regular It can be fitted by a number of Gauss distributions

The dashed lines in Figure 35 are single Gauss curves each with the distribution

N .
NdL = N,W(L) dL= —2 exp {_ u}dL 99)
Nt 20*

with N, the total number per minute, L the mean, and o the standard deviation By
transforming from L to g, one obtains a logarithmic normal distribution m g

C s ~
W = exp i— o tng-m g)’§ (100)
VInog 20°

with C = 20/1n 10 = 8 69 where the statistical mean of g from Equation 97 1s

- o* 8 L o
=gexp[~—) = —~ex _—t 101
g = gexp (m,) prid (c 2(‘) (1o1)

One can therefore dertve the function W (g), the product gb, and N, from the dashed
Imes in Figure 35 The corresponding numbers are given m Figure 35 The recever
parameter in Figure 3515 S/y = 0 8 uV/m/Hz (L = 0)

If the distance between recewver and activity center 1s known, the product §b can be
determined purely exper tally If the tr function b 1s known in addition,
the mean g can be found '*® Unfortunately, the distributions 1n Figure 35 depend on
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FIGURE 35. Histograms of spectral ampli-
tudes (SA) of sferics from two thunderstorms lo-
cated at 4600 km, west north west, and at 7300
km, west of Bonn, at October 10, 1979, 4.40 to
4.55 GMT. Dashed lines represent Gauss fits
with the parameters indicated in the figure.

the three stochastically distributed parameters electric charge (or moment M), channel
length £ and channel diameter d (see the section ¢ Antenna Characteristics of Lightning
Currents’’) which may vary more or less independently from each other. Moreover,
the maximum values of N in Figure 35 are often situated near or even below the
receiver threshold S, thus further aggravating an exact determination of W (L). That
threshold depends mainly on the dead time of the narrow band receiver. Impulses can
only be recorded if they arrive at the receiver after the voltage due to a previous impulse
has sufficiently decayed. In general, not more than about 1000 pulses per minute can
be recorded.’?® Whether or not the secondary relative maxima in Figure 35 have any
physical meaning remains to be investigated.

Spectral Amplitude Ratio (SAR) and Group Time Delay Difference (GDD)

The automatic equipment described in the chapter ““Instrumentation’, Volume II,
records the ratio of the spectral amplitudes at the two frequencies f, = 5 kHz and f;
= 9 kHz of each sferic. This spectral amplitude ratio (SAR) is given in decibels by:

G, (w,) W(ow,) (102)

Gl (w‘l) ‘v(pvw2)

g{w,) blo,w,)

SAR = 201log
g(w,) b(p,w,)

= 20 log

Since this ratio is independent of the moment M, the number of stochastic parameters
has been reduced to two (£ and d). Figure 36 shows as an example the SAR for the
same two activity centers as in Figure 35 during the same time interval. The Gauss fit
(solid lines) is clearly much better than in Figure 35, and the parameters L, ¢ and N,
can be determined more exactly.
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FIGURE 36 Histograms of spectral amplitude ra
uos (SAR} of the same two thunderstorms as in Fig-
ure 35 Dashed lines represent CGauss fits with the
parameters indicated in the figure

Figure 37 shows the group time delay difference (GDD) between 6 and 8 kHz of
each sferic, again for the same activity centers as in Figure 35 According to Equation
91, the GDD 1s proportional to the second dertvative of the phase of ., which 15
mdependent of the electric moment M The distribution aiso fits well to a Gauss curve
The values of N, derived separately from the SAR and GDD are reasonably close, so
they can be considered as rehable estimates of the total number of lightming strokes
per mimute within the activity center

Locating Thunderstorms
Muluple Station Techniques

A basic wstrument for sferics measurements is the direction finder originally de-
scribed by Watson-Watt and Herd,™* by which the magnetic component of sferics 15
resolved using mutunally perpendicular loop The 1 measurements
of the bearing angle of a sferic from two or more stations allows a determation of
its location by triangulation Several sferic networks of this type are or have been
operating, e g , the European sferic net of the British Meteorological Office,'*° sferic
nets of the U S Arr Force,'® ** and a Japariese net ****

Bearing errors of the order of several degrees are possible depending on frequency,
distance, time of day and season, propagation path, and channel geometry These
errors are largest 1n the VLF range, at distances smalier than 1000 km, during mght,
over a mxed propagation path (land-ocean or day-might), and for obhque
channels 2 '3! Interference of two or more sferics leads to additional bearing
errors *' #* Most of these errors are systematic errors and can be accounted for 1f suf-
ficient observations at one station are avatlable for vanous values of azimuth, time of
day and season, and distance Apart from these bearing errors, the accuracy of this
method depends on the location of the source with respect to the baseines of the sferic
net Generally, only sferics at distances smaller than or comparable to the length of
the baseline can be located

Bearing errors due to near distant (< 1000 km) oblique lightning channels can be
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FIGURE 37. Histograms of group time delay differ-
ences (GDD) of the same two thunderstorms as in Fig-
ure 35. Dashed lines represent Gauss fits with the pa-
rameters indicated in the figure.

minimized if only the initial few microseconds of a wide band return stroke wave form
are utilized.®® ''® The measurement of the difference in pulse arrival time at two or
more stations is another possibility to eliminate bearing errors.”

Single Station Techniques

Using a net of several stations and allowing for the correction of bearing errors, the
direction finding method just described can generally yield a reliable location of sferic
sources. One serious disadvantage is the complex logistics required for synchronous
observation at widely spaced stations. Moreover, the range is limited to distances com-
parable with the length of the baselines of the network.

Single station techniques can overcome these disadvantages. These techniques,
which use the same direction finding methods, are all based on the wave guide char-
acteristics of the atmospheric wave guide outlined in the section, ‘‘Pulse Dispersion in
the Atmospheric Wave Guide.”’

At distances smaller than about 500 km, the separation between ground wave and
first-hop sky wave described in ‘‘Sky Waves’’ (page 226) allows a determination of
the distance between receiver and sferic source. Corrections are necessary due to the
curved surface of the Earth” and the dispersion of the pulse of the ground wave (Equa-
tion 75) and of the sky wave.?® Taylor'®® has used the separation between ground wave
and first hop wave to determine the lightning stroke height. Application of this method
to distances greater than 500 km should be undertaken with caution, because interfer-
ence between several sky waves having group travel time differences smaller than the
pulse length of the sferic prevents a unique separation of the various waves. Mode
theory appropriately describes VLF- and ELF-propagation within the atmospheric
wave guide beyond 1000 km. If only one mode is involved in the transport of wave
energy, the Fourier component of thHe vertical electric field from Equation 73, and
Equation 83 is (indices have again been deleted):

ﬁz = g{w) blp,w) et (103)
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From measurements hike those in Figures 35 to 37, the relatonships with

W) b(pw) e —=

MOK A2 (See Equation 94)
of

and y from Equation 87

SA=gt (104)
SAR = 2010g S 4 2010 NN
G(fy) VT i)
(105)
» 220 5 (A - Af)} £ = avbe
“nn a’_o 3B
e
(106)
(8 = 1000 km)

can be derived SAR and GDD are hnear functions of distance One can thus determine
¢ directly from Figures 36 and 37, 1f the parameters a, b, ¢, and d 1n Equations 10§
and 106 are known The wave guide properties can be considered as constant for an
observation nterval of 20 min The scattenng of the data 1n Figures 35 to 37 15 there-
fore due to the scattering of the source properties and to interference between sferics
from closely subsequent strokes The statistical approach applied in Figures 35 to 37
yelds hme averaged mean source properhies 3, G 5 )/05:), and 220/ 3F, which cer-
tamnly have a much smaller scatter for different thunderstorms than for individual
strokes within one thunderstorm

The dependence of the factors b and d on time of day and on the propagation direc-
tion with respect to the geomagnetic field have been calculated by Harth® ¥ (see also
chapter on Theory of Low Frequency Wave Propagation in Volume I1) Typical values
for north-to-south propagation in the northern hermsphere are

b = 8(3) db/Mm at day (mght) (f, = 9kHz,f, =5 kHz

= 48 (25} usec/Mm at day (night} (t‘m = 7kHz, Af = 2 kHz)

These factors can vary by = 50% for east-to-west or wesi-to-east propagation The
factors derived from Figures 36 and 37 valid for west-to-east propagation at mght are

a=~5db, b=15dv/\m, ¢ = %us, d = 3Fus/Mm (107}
The mean values of the source terms are contained sna and ¢ The factor

20t0p {VEI (MOYK(LY)) = —3db
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Table 5
SOURCE TERMS OF SAR AND GDD

Type | Stroke | SAR(9/5) (db) | GDD(7/2) (us)
2010g {G(6,)/GEHY | - %’; aofaf

R, 0.74 42

1 R, 0.002 0.3

Ry -6.0 19.4

2 R -1.2 132

K 5.3 ~0.2

Note. Source terms of SAR and GDD of the type 1 and type 2
strokes considered in Tables 2 and 3. The frequencies in-
volved are: f, =9 kHz, f; =5 kHz (SAR); f, = 7 kHg,
af =2 kHz (GDD).

must be added to the source terms in a. Table 5 gives average source terms for the
four typical strokes considered in Tables 2 and 3. Since the intracloud strokes are
probably of minor importance at great distances and at frequencies smaller than 10
kHz, the main contribution to SAR and GDD comes from the type 2 R strokes.

Locating thunderstorm centers with the SAR and GDD method has been performed
by Volland et al.,’® Frisius et al.,?° Harth,*® Harth and Pelz,?® Frisius and Heydt,*®
Heydt,** and Harth.?® A new network of automatically operating atmospherics analyz-
ers was installed in early 1980.°° .

The interference of several modes gives rise to some ambiguity in the interpretation
of the data at distances between about 500 and 2000 km. Fortunately, the simultaneous
use of GDD and SAR can be used to help resolve that ambiguity (see ‘“‘Frequency of
Low Wave Propagation’’, Volume II). At distances smaller than about 300 km, how-
ever, the GDD and SAR approach is no longer possible.

The measurement of the difference in the arrival times of VLF/ELF pulses, as dis-
cussed in the section ‘‘Phase Velocity and Group Time Delay,’’*152.941% g another
GDD approach. It also leads to a linear relationship between distance and GDD Equa-
tion 93. Hepburn and Pierce®! established experimentally empirical laws such as Equa-
tion 93. Their value d is approximately equal to GDD in Equation 93:

0.15 + 0.56 p (day)
6§ =t+ /4=
0.36 + 0.21 p (night) (108)

(6 in ms; p in Mm)

Here, t is the time separation between oscillation head and the slow tail, and /4 is
the first quarter cycle of the slow tail.

Contrary to the GDD method in the lower VLF band, which allows a statistical
approach, the GDD measurement at VLF/ELF can only be applied to single sferics
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having significant amplitudes of their slow tails Thus, the source term ¢ 1n Equation
108 15 expected to scatter widely for each individual sferic as 1s obvious from Figure
37

All single station techmques have the disadvantage that 1t 15 imposstble to separate
the source terms from the propagation terms directly from the measurements They
also suffer from the same bearing errors as do the multistation techmques However,
given some independent check of the location of the sources, 1t should be possible to
arrive at empirical formulae for each station depending on azimuth, time of day, and
season, which allows a localization of thunderstorm sources with an accuracy of at
least 5%

Determination of Propagation Characteristics
Attenuation Rate

Sferics provide a means for studying the VLF and ELF characteristics of the atmo-
spheric wave gmide Since virtually no commercial transmitters operate at frequencies
under 10 kHz, hightning strokes are the only available transmitters in that frequency
range

The determination of SA, SAR, and GDD as explained 1n the last section 1s one way
to derive the factors A and B of the transmission function {Equation 83) at one fre-
quency Another method 1s to determine the attenuation factor A as a function of
frequency from individual sferic wave forms as follows 1f the wave form of the same
sferic 1s observed at two known distances g, and @i, a Fourier transformation can yield
the spectral functions E, (g, f) and B (@2, 1) Provided only one mode 1s involved, the
attenuation rate a (in db/Mm) at frequency f 1s obtained from Equation 83 to be

E, (0,0
atd = kA = — 1 22010 [ | + 1010g 272 (109)
(o2 = p1) E, (o0 1o,
with
= 2210 k6 (oinAm)
In 10 e

This method has been utilized by many people Figure 38 shows some earlier determi-
nations of & within the ELF and VLF range as summarized by Chapman et al ** The
minmum attenuation near 15 to 20 kHz and the region of maximum attenuation near
2 kHz are clearly visible Other data compilations have been made by Croom,' Rao,*
and Wait'® (see also References 3, 9, and 53) ELF attenuation rates derived from
slow tail sferics are given by Jean et al ,** Sao et al , Taylor and Sao,'*® and Hughes
and Gallenberger “* Figure 39A shows Taylor and Sao’s'®® results 1n the range 20 to
400 Hz during nighttime conditions for east-to-west and for west-to-east propagation

Russian work on attenuation rates i the frequency range from 60 to 30 kHz has been
summarized by Alpertetal *

Phase Velocity

The propagation factor B of the transmussion function W 1n Equation 83 1s a meas-
ure of the phase veloctty at frequency f (Equation 88) Given the phases ¥ (g, {) of
the same spectral functions fi, (. f) as in Equation 109 at two distances g, and gz, B



Volume I 239

T M AR T —r—y T -
50 .
ATTENUATION ]
de/Mm
10}~ .
4
ir -
S DAY 1
——=NIGHT

1

°¢| JJJLIJ . Nl A JJJALL_]__ el y el Alj_l A AL e S lxl] e -l

i0 19* 16 10*

FREQUENCY c/s

FIGURE 38 Variation of attenuation rate a with frequency during day and during might S
from Schumann resonances; C and M from Chapman and Macarto,'? C from two station cbser-
vations; T from Taylor, W. and Lange, }J.'** (From Chapman, F W, et al ,"* Radio Sci., 1,
1273, 1966. With permission. Copyrighted by American Geophysical Union )

can be eliminated, and the phase velocity can be derived from

_ w(p, ~ p,)
{¥ .0 - Yo,.n)}

Vo (110)

Figure 40 shows the ratio v,/c vs. frequency for both day and night conditions as
derived from sferics observations'® (see also References 9 and 122). One notices the
region of v,/c > 1 in the VLF range and the decrease of v,/c to values less than unity
in the ELF range. Figure 39B shows the behavior of v,/c in the ELF range for west-
to-east and for east-to-west propagation at night.'*® Hughes and Gallenberger*? evalu-

ated slow tail sferics propagating over a mixed day-night path to determine the phase
velocity.

Integrated Atmospherics Activity
Omnidirectional Observations

The most frequently used methods to record atmospheric noise are to either count
sferic pulses arriving from all directions that exceed a given threshold of a narrow
band or a broad band receiver, or to integrate the output voltage of all the pulses. It
is not a trivial matter to compare results from different types of receivers (e.g., Refer-
ences 32 and 37), and the interpretation of the data is often rather ambiguous. If sferics
are counted by a narrow band receiver, the number of sferics arriving from all direc-
tions depends on the frequency f and the threshold S is (see Equation 96):

an 2w o

NES) = a n(p.¢) sin2 dp do J' P{e®)}dg (11)
f{ramsee |

x b (p,6,f)



240 CRC Handbook of Atmospherics

— T T T

Attenvation i

db/Mm

" T ; .
o8
Vp/c 08
0T we Phase Velocities ]
s il L |
0 3050 0 w0 300 500

Frequency, Hz

FIGURE 39  Average attenuanion rates o and
phase veloctties in the ELF range dernved from
slow tail atmospherics Sohid curves W-E prop-
agation, Dashed curves E-W propagation Ver
tical ines error bars (rom Taylor, W L and
Sao N, Radiwo Scr, 5, 1453 1970 With permus
sion  Copyrighted by Amencan Geophysical
Union )

where n (g, $) 1s the number density of sferics per area and time, and a 1s the radws
of the Earth

Obviously, it 1s impossible to quantitatively separate propagation effects from
source effects Nevertheless, the data obtained by these methods are useful for telecom-
munication system performance More details on this subject are given in the chapter
on Atmospheric Noise by Spaulding in this volume

Figure 41 shows as an example the daily variation of the impulse rate observed at
27 kHz 1n Kuhlungsborn, East Germany and 1n Spitzbergen during summer 1958 (left
panels) and during summer 1962 (right panels) ** The nighttime attenuation rate of the
atmospheric wave guide 1s small at middle and low latitudes Although near field
sources are absent in Kuhlungsborn, sferics from large distances (mainly from Middle
and South America) arrive at the recewver and give nise to the high level The attenua-
tion reaches a maximum at sunrise Since local sources are still weak at this time, the
counting rate reaches 1ts absolute mmimum (points d 1n Figure 41) Local sources 1n
Kuhlungsborn predominate during the day, while the distant sources are suppressed
due to the large daytime attenuation of the wave gumide The counting rate attains its
maximmum dunng the afternoon at points € The attenuation maximum at sunset 15
responstble for the relaive mimmum at pomnts f Finally, the increase to mightiime
condition takes place with a maximum at points g 1n the Kuhlungsborn records, That
maximum occurs before midmight smce local sources still contribute at this ume 10
addition to the far field sources
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FIGURE 40. (A) Daytime variation of phase velocity with fre-
quency. Results derived from S, Schumann resonances; T, single-sta-
tion observations, and C, two-station observations. (B) Nighttime
variation. (From Chapman, F. W. et al., Radio Sci., I, 1273, 1966.
With permission. Copyrighted by American Geophysical Union.)

The arctic stations in Spitzbergen register mainly sferics from far field sources be-
cause the local thunderstorm activity is virtually absent. Therefore, the counting rate
in Figures 41B and 41D represents mainly the daily variation of the attenuation rate
of the atmospheric wave guide. The time differences of the maxima and minima at
points e, d and f at Kithlungsborn and Spitzbergen are particularly good indicators of
the influence of the local sources at the midlatitude station. Since the sun does not set
at Spitzbergen during summer, the propagation from the main sources south of Spitz-
bergen during night is over a mixed day-night path with an extremely high attenuation
rate. The counting rates at night thus do not reach the daytime values in Figures 41B
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and 41D Duning northern winter, however, the counting rates at the stations have
therr maximum at night 7¢

The sunspot cycle also influences the attenuation rate For example, the attenuation
decreases with increasing sunspot number during daylight hours The daytime maxi-
mum at pomt e m Figure 41A (sunspot maximum) 1s thus larger than the mighttime
maximum at poimnt g contrary to the behavior i Figure 41C during the declining phase
of the sunspot cycle The missing mimima at pomts d and f 1n Frgure 41B during the
sunspot maximum are probably also related to the sunspot cycle effect

More recent observations of VLF integrated atmospheric noise have been reported
by Clarke et al,* Ibukun,*** Schoute-Vanneck and Wright,’* Schamng and
Cumme,'® and Huang *° A nearly complete bibliography about sferics observations
before 1970 can be found in Israel’s*” work

Narrow Sector Observations

The combination of integrated atmospheric noise measurements with direction find-
ing methods at a preset recerver threshold elimnates one degree of ambiguity in Equa-
tion 111 and gives a number AN (f, S, ¢) of sferics arriving from withtn a narrow sector
A$ at azimuth ¢ In fact, 1t largely resolves the ambiguity concerning the distribution
of n (g, $) along the direction ¢, because experience shows that thunderstorm centers
are normally concentrated within relatively smalf areas not much larger than 100 x 100
km 1n extent The signals arnving from one narrow sector therefore belong mamly to
the nearest thunderstorm center along that direction Of course, the distance to that
center cannot be determined from those observations

Lugeon™ has developed a narrow sector recorder which allows continuous record-
ings 1 simple fashion (see also Reference 76) Modern computer techniques are able
to document the morphology of the dwrnal and annual vaniations by 1socontours
Figure 42 shows a contour plot of sferic rates at 5 kHz arriving from a receiving sector
of 12° width during a time nterval of 2 min * The values shown are monthly means
obtained during 1971 and 1972 in San Miguel, near Buenos Aires, Argentina Sources
from the South American continent located mamly north and northeast of San Miguel
are the primary sources in Figure 42 Oceanic regions comprise only a minor contri-
bution to the observed sferic rate Two maxima, marked 1 and 2 in Figure 42, occurred
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in southern summer 1971/72. The later maximum marked 3 is followed by a weaker
spur labeled 4. Most of these sources are within 2000 km of San Miguel. Remarkable
is the repetition of the summer structures from one year to the next.

The daily mean during September to December 1971 observed in San Miguel is plot-
ted in Figure 43.'** It clearly shows quasi-periodic changes in the strength of the main
source north of San Miguel with typical repeat periods of 2 to 6 days. These are evi-
dently related to tropospheric planetary waves.

Sudden Enhancement (SEA) and Sudden Decrease (SDA) of Atmospherics

The role of the upper boundary for VLF/ELF propagation in the atmospheric wave
guide, the ionospheric D layer during the day, and the E layer at night, has been
stressed repeatedly in the previous sections. In particular, the increase of the virtual
height and the improvement of the reflection characteristics of the upper boundary at
night have been discussed (see also the chapter, ‘“Theory of Low Frequency Wave
Propagation’’, Volume 1II). The ionospheric electron density profile can be determined
from observed spectral attenuation rates from sferics.%-78 +3-+4

Solar flares can increase the electron density of the daytime ionospheric D layer by
orders of magnitude within a time interval of 5 to 10 min. The whole event lasts for
about 1 hr before normal conditions are restored (e.g., Whitten and Poppoff'?°). The
virtual reflection height h can decrease during such an event by as much as 10 km
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depending on the strength of the solar flare, and the attenuation rate increases corre-
spondingly as function of frequency. The integrated sferics rate reacts to such events
as shown in Figure 44. The sferics rate increases at frequencies larger than about 15
kHz with the strongest effect near 30 kHz (sudden enhancement of atmospherics or
SEA). It decreases between about 15 and 1 kHz (sudden decrease of atmospherics or
SDA) with the strongest effect near 5 kHz, and increases again in the lower ELF range.
The SEA in the VLF range was first recorded by Bureau,® and the SDA in the lower
VLF range was detected by Gardner.?? The SEA in the ELF range was detected by Sao
et al.** Local thunderstorm centers (g < 2000 km) contribute mainly to the sferics noise
during daytime at middle and lower latitudes. The ratio between the spectral amplitude
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of the dommant mode during disturbed (D) and normal (N) conditions (Equation 83)
1s

E [ _
D - IN (AN = Apk ay
Ey| Mo

with h, <hyand Ap> Ay

in the range of mimmum attenuation in the upper VLT band and in the lower ELF
band (see Ngures 38 and 39), the nfluence of the height factor ha/hy in Equation 112
on the amphitude ratio outweighs that of the attenuation rate for medium distant sferic
sources (¢ < 2000 km) The amplitude rano (Eguation 112) thus increases, causing an
SEA The situation 1s reversed in the range of maximum attenuation within the lower
VLF band, and an SDA 1s expected This qualitatively explans the result of Figure
44 More detatls on the observation and theory of SEAs and SDAs can be found 1n
Obayasht,® Pierce,” Kamada,* ** Volland,'** Sao et al ,* *” TFi5ka and LaStovitka,'?
and Harth **

Nuclear events can create disturbances m the height distribution of the 1onospheric
romization, the most significant processes occurring at altitudes between 60 and 100
km The effects on VLY propagation are therefore very similar to those durtng solar
flare events {¢ g , Pierce®®) Observations of SEAs and SDAs during nuclear explostons
have been reported by Kimpara®® and Kamada **

Nuclear explosions produce also clectromagnetic pulses (EMP) 7* Sensors to detect
EMP mside and away from nuclear source regions are described by Baum et at ¢
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INTRODUCTION

This chapter primarily deals with radio notse of atmospheric onigin, but cosmmc nose
from sources external to the atmosphere 1s discussed 1n the last section The frequencies
of 1nterest here range from 100 kHz to 100 GHz corresponding to wavelengths from 3
km to 3 mm Commonly used designations of bands within this range are shown 1n
Table 1 There are two principal sources of atmospheric noise in this frequency range
(1) the acceleration of electric charges assocrated with the sudden breakdown of the
dielectric properties of air under locally intense electric fields, and (2) thermally emit-
ting molecular constituents of the arr Thermal noise 1s especially important at high
micro-wave frequencies near the molecular resonances of water and oxygen In cosmic
noise sources, the acceleration of charges moving with velocities close to that of light
15 one of the more important emission mechanisms

The strength of the radio noise at a given time and place depends on the properties
of the sources and on wave propagatton factors which control how much of the ra-
diated power reaches the receiving antenna The properties of the noise mcident on
the antenna, the charactenstics of the antenna, and those of the receiver, together
determine the voltage fluctuations at the receiver output termnals These noise fluc-
tuations are a nusance n practical radio circuits, but on the other hand they provide
important diagnostic nformation on the noise sources themselves

The following section summarizes the basic features of the generation and propaga-
tion of the radio waves, and the section, **Specifications of Atmospheric Noise,”” dis-
cusses quantitative measures of the radiation Subsequent sections discuss source
strengths and the estimation of noise fields under different conditions

RADIO WAVE GENERATION AND PROPAGATION

Radiation from Accelerated Charges

The subjects of wave generation and propagation have a very extensive hterature,
here 1t 1s possible to give only a brief summary of those aspects which are of particular
mterest 1 determuning the levels of radio noise For classical electromagnetic theory
see Stratton,” for jonospheric propagation, see, for example, Rishbeth,* and Davies"
and Rawer,*® for propagation at higher frequencies, see, for example, Reed®* and
Steinberg "

Electrical discharges in air vary tremendously in scale from a few milliamperes flow-
g over a distance of a few millimeters for a few nanoseconds, to full-fledged hghtning
strokes with thousands of amperes flowing 1n channels several kilometers in length for
50 usec or longer If the motions of the electric charges involved 1n a hghtning discharge
could be specified as functions of time, the electric field E and the magnetic field H
produced at a distant point n free space could be calculated from classical electromag-
netic theory

An 1ndividual charge q moving with vector velocity v and vector acceleration v at
time t produces radiation fields, at distance R and later time t + R/c, given by the
relativistically correct expressions in MKS units

o oo’
4nr R

£= [G(Rq—VIC) (R, ;)_;,] woltm) (1)

N A R -
1= Tz, R [u(; XR.) (R, V) +(¥ X Ru)] (ampm™)  (2)
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Table 1
FREQUENCY BANDS AND COMMONLY USED
DESIGNATIONS
Band Designations
Frequency Wavelength Frequency Wavelength
30.0—300 kHz 10—1 km LF Kilometric
0.3—3 MH:z 1000—100 m MF Hectometric
3.0—30 MHz 100—10 m HF Decametric
30.0—300 MHz 10—1 m VHF Metric
0.3—3GHz [—0.I'm UHF Decimetric
3.0—30 GHz 10—1 c¢m SHF Centimetric
30.0—300 GHz {f0—I mm EHF Millimetric
where
v-R \*
y = (1 = CR“ ) (3

R, is the unit vector from the charge to the observer, c is the velocity of radio waves
in free space 3 x 10°ms™?), u, = 4nx 107 hy m™*, and Z, = 120 n ohms.” It follows
that

E = Z,(HXR,) @

Even though the tip of a lightning discharge may advance with a velocity in the order
of ¢/3, it is usually assumed that the individual electrons and ions have velocities much
less than ¢, and that low-velocity approximations are valid:

E = 107 -:_ R, X(R, X V) (5)

R

07 L. VXR 6
H 1 7R 0 6)

(]

A short segment £ of a thin channel carrying a macroscopic current I(t) has a current
moment m = I(t) £. The current might consist of a large number M of small charges
g moving with low velocity v(t) such that

Mgv(t) = m ampere meters 7

The radiation field of the segment would then be the sum of the fields of the individual
charges so that by Equation 5,

E ~ 107 -:iRoX(Rerh) (8)
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where row R, and R are unit vector and distance respectively from the segment to the
observer, and where m 1s the time-denivative of m The field of a long current channel
1s the vector sum of fields of the segments with proper allowance being made for dif-
ferent R/c propagation time delays

By Fourier transform theory (see the subsection “‘Spectrum of a Single Impulse’)
m can be regarded as consisting of the sum of sinusoidally tume-varying components
Such a sinusoidal element, or dipole, may be represented by m = m, sin wt (amp m)
where w = 2n f, f 15 the oscillation frequency, and m, 1s a constant vector
Then

E= 107 E-L“Riwumsw(z —R/O )
and 1ts magnitude,
E =107 my 222 cos wit - Rfc) 10

where 15 the angle between the directions of m,and R,

There are also nonrachation fields, varying as R*? and R™, which are not included
m Equations 1 and 2, but these are usually relatively uumportant at large distances
For the oscillating dipole, the radiation field exceeds the R field when R > A/2x where
A = ¢/f 15 the wavelength At f = 100 kHz for example this distance s less than 500
m

The power radiated n all directions by the sinusordal dipole, averaged over one
cycle, 15

w = %11’ 107 £ mg? (watt) (1)

The peak mnstantaneous power 1s twice this value Form, = 1 amp m and f = 10° Hz,
W =439 % 103 W, and the peak electric field at 8 = 90° and R = 10* m1s 2n 10°°
vin™' If § 1s the time-average intensity of the wave 1n watts m™, at distance R i the 8
= 90° direction,

_ 8mR?  _ RE}
w =5 S o {watts) (12)
where E, 15 the peak field at the same pomnt

Dipole above the Earth

In the simplest model, the Earth 1s regarded as a flat perfect conductor so that a
transmitting dipole at aftitude h has a perfect image at depth h below the surface The
electric field of a vertical dipole and 1ts image 1s given by

E=2x10" l-%"-sm)(cos (—2:—h cosx) weosw(t ~ Ric) (13)
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In the plane broadside to a horizontal dipole and its image the field is

E = 2x107 "T;P-sin -2-’:‘ cosx) weosw(t — R/c) (14)

where A is the wavelength, and y is the zenith angle. In these equations R is measured
from the midpoint between the dipole and its image, and R » h. If the Earth is not
perfectly conducting, an approximate result can be obtained by allowing for the finite
conductivity ¢ (mho m™), and the relative dielectric constant ¢, by reducing the field
of the image, and adjusting its phase in accordance with the plane wave reflection
coefficient of the surface. This method is not valid for directions near 90°—see, for
example, Reed.®' For a homogeneous Earth, the reflection coefficient may be calcu-
lated from the Fresnel formulas:”
Magnetic vectors parallel to surface: Transverse Magnetic (TM) polarization

€ cos® —u

= 5
™ €cos® +u a3

Electric vectors parallel to surface: Transverse Electric (TE) polarization

cos@ —u

TE cos® +u (16)

where

u = 4/ € —sin?@ an

, . 1.798 X 10
€=E+1’_25_f_"_°_2. (18)

and 8 is the angle of incidence. Here it is assumed that the Earth surface is homoge-
neous, isotropic, and nonmagnetic. Some typical values of o and ¢ for frequencies up
through UHF are given in Table 2, but these constants are somewhat frequency-de-
pendent especially at microwave and millimeter wavelengths.®* Table 3 gives values of
the reflectivities of flat seawater at 400 MHz, and illustrates the monotone behavior
of r7+(0), and the quasi Brewster angle minimum of rr,(0), which in this case is near
86°.

A mathematically correct approach to computing the fields of dipoles over a smooth
Earth is based on the concepts of inhomogeneous waves and complex directions of
propagation.’? Data for the total field, or ‘“Ground Wave’’, have been published in
the form of amplitude-distance curves, e.g., Bell Telephone Lab,?> Wait,%? Reed,*' and
International Telephone and Telegraph Corporation.® The four examples of ground-
wave vertical electric field strengths shown in Figure 1 were calculated with a computer
program for a smooth round Earth of 6 = 2 X 1072 mho m™*, and a vertical 1-A meter-
transmitting dipole at 2-km altitude.* These curves show that the lower frequency
waves are better able to diffract into the region below the horizon.

Radio waves penetrate down into the Earth to a degree depending on the conductiv-
ity and frequency. For a homogeneous Earth of nonmagnetic material the electric field
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Table 2
TYPICAL SURFACE
CONDUCTIVITIES AND
DIELECTRIC CONSTANTS

Type of surface o{mho/m) ¢

Sea water 4 80
Fresh water 10 80
Ice 2x10* 5
Good so1l 10 20
Poor so1l 10’ 10

at depth d 1s less than the surface value by a factor of approximately e/ where the
skin-depth D = 503 (o f) '/* meters For example, 1n seawater of conductivity 4 mho
m ', the skin depth 1s about 0 8 m at a frequency of 10° Hz Since low frequencies
penetrate more deeply than high frequencies, the waveform of a sferic observed at a
depth may differ from that at the surface

When the radiation wavelength 1s comparable with the scale of surface roughness,
wave scattering and absorption become important In estimating lhine-of-sight micro-
wave propagation over heavily vegetated terrain, the ground-reflected waves can often
be 1ignored Thus in Figure 1, the fields for 1 GHz and 10 GHz are shown as simply
mnversely proportional to distance out to the radio horizon

Atmospheric Effects

In a normal atmosphere, the refractive index decreases slightly with increasing height
above the ground, and this gradient helps radio waves bend around the curved earth
Typically the radio horizon distance 15 about 15% larger than the geometric distance
which 1s approximately v/ Zha, where the altitude h 1s much less than the Earth radius
a Thus for i = 2 km and a = 6400 km the geometric liorizon s at 160 km, while the
radio horizon 15 at about 184 km as indicated 1n Figure 1 Under super-refractive con-
dittons, microwaves launched at certain altitudes may propagate far beyond the normal
honizon, but with correspondingly weak fields at other alutudes Scattering by small
scale irregularities 1n the refracuve index, and by terrestnal objects can also nject wave
energy mnto the shadow zone beyond the geometric horizon

At centuneter and millimeter wavelengths, atmospheric absorption 1s an 1mportant
factor on line-of-sight paths even in the absence of precipitation or clouds Thus clear-
air absorption 1s due to (collision-broadened) molecular resonance lines, primarnly
those of water vapor and oxygen Between these lines there are absorption mumima or
windows Table 4 shows typical maxima and mimima attenuation rates in dB/km for
propagation near the surface of the Earth ' The rates decrease with altitude because
of the decreased densities of water vapor and oxygen The 100 GHz curve in Figure 1
1s based on a numerical integration assuming 0 74 dB/km at the surface of the Earth.

The total attenuations from selected aititudes (h) to the top of the atmosphere 1n
the zenmith direction'® are given 1n Table 5 for selected frequencies At the 60-GHz
oxygen line the total atmosphere 1s practically opaque (200-dB attenuauon) For a
given h, directions tangential to the Earth encounter more air than those that are more
nearly vertical, and the total attenuations are greater (see Table 6}

The presence of ram, snow, and fog particles 1n the propagation path produces ad-
ditional attenuation which 1s highly vanable but generally increases with frequency
Table 7 shows some attenuation rates vs frequency for several categories of ramn and
fog '2 Evidently centimetric radiation produced 1n a thunderstorm could be somewhat
attenuated in propagating through the associated precipitation
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Table 3
REFLECTIVITY OF
SEAWATER AT 400

MHZ
Polarization

8 TE ™
0 0.887 0.887
10 0.889 0.886
20 0.894 0.881
30 0.902 0.871
40 0.913 0.856
50 0.926 0.830
60 0.942 0.788
70 0.960 0.706
80 0.979 0.509
(86) 0.992 0.294
90 1.000 1.000

Ionospheric Propagation

At frequencies below about 30 MHz, free electrons in the ionsphere may strongly
reflect radio waves. The electrons, set in motion by the electric field of the incident
wave, generate the reflected wave. The ionosphere may be regarded as an anisotropic
propagation medium with a complex refractive index given by the Appleton formula
(see, for example, Davies'?), which takes into account the coherent interactions of the
electrons with the geomagnetic field, and collisions with neutral particles.

In the daytime, at an altitude of 55 km, the electron density is typically in the order
of 1/cm? but it can be much greater under disturbed ionospheric conditions. The day-
time electron density reaches a maximum of about 3 x 10° cm™ between 250 and 400
km, and thereafter decreases slowly out to about 1200 km where a more sudden drop-
off marks the plasmapause (see Carpenter®). The electron densities are usually greatest
near the subsolar point, and are less at night, and at higher latitudes. Within narrow
(600-km) ““troughs’’ running east-west, the density may be less by a factor of 10.

Electromagnetic waves cannot propagate in a field-free, collision-free region with
an electron density N cm™ unless the wave frequency is greater than the plasma fre-
quency,

f, = 8.98% 10° N (Hz) 19)

The maximum value of f, above a given place on the Earth, at a given time, is called
the critical frequency, f.. For example, if N = 3 x 10° cm™, f. = 4.9 MHz. In a simple
propagation model which neglects the geomagnetic field, a wave is either reflected or
transmitted by the ionosphere depending on whether its frequency is less than, or
greater than, f.sec 6, where 8 is the angle of incidence on the ionosphere. This gives
rise to ray patterns of the type qualitatively illustrated in Figure 2, for a transmitter
(or lightning stroke) near the ground. The more steeply incident rays B, C, D, C', B,
for which f > f_sec 8, penetrate the ionosphere, while the more grazing rays, A, A" are
reflected. The area inside the ‘‘skip-zone’” ATA’ is inaccessible to ionospherically re-
flected rays from that transmitter. Thus radio noise from a thunderstorm near the skip
distance might actually increase with increasing distance. The ionospherically reflected
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/ RADIO HORIZON
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FIGURE 1 Typuwal field strength vs distance curves for a vertical | amp-meter dipole 2 km above a
smooth round earth

Table 4
SPECIFIC ATMOSPHERIC
ATTENUATION AT SEA LEVEL

Frequency (GHz) Line/Window dB/km

22 H.0 028
3t w 012
60 o, 1o
75 A 0356
118 0, 240
126 W 132
184 H,0 a0
212 w 36
322 H,0 510
339 w 122

waves reflect at the surface of the Earth, and agan at the 1onosphere, and so on
Under low loss conditions, HF waves can propagate with sigmficant field-strength to
many thousands of kilometers around the Earth Earth-curvature prevents 8 from ap-
proaching 90°, and consequently the practical upper it for conventional HF 1onos-
phenc communication may not exceed 30 or 40 MHz Each time an HF wave reflects
from high 1n the 1onosphere, 1t must pass twice through the lower 10nosphere, or D-
region, where partial absorption occurs due to electron collisions with neutral atoms
In the MF broadcast band, the daytime D-region absorption 1s severe, the 1onospheric
reflections are weak, and radio noise comes mamly from storms within groundwave
range of the receving autenna The absorption loss can also be large 1n the HF band
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Table 5
TOTAL ONE-WAY ATTENUATION (DB) FROM HEIGHT h TO THE TOP OF THE
ATMOSPHERE IN THE ZENITH DIRECTION

Height (km)
Frequency (GHz) Line/window 2 4 8 12 16
1 — 3J2E-2 1 6E -2 8.1E-3 34E-3 1.1E -3
10 — 5.0E-2 1.9E -2 8.3E-3 3S5E-3 12E-3
22 H,O 4.6E — 1 10E-1 31E-2 15E-2 S3E-3
25—30 w 21E-1 43E-2 15E-2 SIE-3 1.7TE-3
60 O, =20E + 2 7.0E + 1 3J.8E + | 2.0E + 1 6.9
90—100 w 1.0 2.1E-1 6.9E — 2 29E-2 1.0E -2
118 O, 9.2E + 1 4.6 = = =

Note: Exn = X 10x",

Table 6
TOTAL ONE-WAY ATTENUATION (db) FROM HEIGHT h TO THE TOP OF THE
ATMOSPHERE IN THE TANGENTIAL DIRECTION

Height (km)
Frequency (GHz) Line/window 0 4 8 12 i6
1 — 1.5 7.4E -1 3.7E-1 1.7E — 1 6.0E -2
10 — 3.0 1.0 4.3E-1 19E -1 6.6E —2
22 H,O 3.2E + 1 5.6 1.3 4.2E -1 24E -1
283-—-30 W 1.6E + 1 2.5 FOE -1 2.8E—~1 9 6E —~2
60 (o =55E + 3 2.8E + 3 1.3E + 3 1.0E + 3 4.0E + 2
85—100 w 6.5E + 1 1.3E + 1 3.7 1.6 5.1E—~1
118 [0 1.5E + 3 — — —_— >2.0E + 1

Note: E+n = x10%~,

Table 7
SPECIFIC ATTENUATION (DB/KM) IN PRECIPITATION
Rain (mm/hr)
Fog (g/m®)
Frequency (GHz)  Wavelength (cm) 150 25 0.25 0.1
3 10.0 0.055 0.011 —_ —
10 33 4 0.43 — 0.006
30 1.0 24 4.4 0.033 0.050
100 0.3 50 12 0.33 0.44
300 0.10 50 13 0.66 2.7

1000 0.03 40 10 0.50 6.0
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FIGURE 2 lonospheric refraction of HF rays from a paint on the ground

especially at hugh latitudes when igh energy particles precipitate mto the D-regton and
cause unusually high levels of 1omzation On the other hand, at very low frequencies,
the waves partially refiect from the D-region utself, and 1onospheric propagation may
still take place

Figure 1 shows 1llustrative field-strength vs distance curves for ronospheric propa-
gation at 10 MHz*® and 100 kHz +

‘Wave Propagation through the Ionosphere

As a wave travels upward out of the collision-domunated lower 1onosphere, the ef-
fects of the magnetic field of the Earth become more important An electron with a
component of velocity perpendicular to the geomagneuc field s subject to a force
which causes 1ts trajectory to curve The resulting mnteraction of the wave with the field
makes 1t possible for radiation to penetrate the tonosphere 1n the “whistler mode™™
even1f f < f, sec 8, providing f 1s also less than the gyro frequency fs = 2 80 x 10"B,
where B 1s the magnetic flux density 1n webers m * For B = 5 x 107, corresponding
to ¥ gauss, fx = 1 4 MHz The penetration loss incurred by a plane wave incident at
an arbitrary angle upon the bottom of a honzontally stratified model 10nosphere can
be calculated using “‘full-wave’” computer programs Table 8** shows theoretical full
wave penetration losses for two TM-polarized waves, both incident on a model mght-
time 10nosphere at 20° but at different angles (0° and 40°) with respect to the geomag-
netic field direction The loss 1s less for the wave launched in the direction of the
magnetic feld line, but in both cases the loss increases with frequency In similar cal-
culations for a daytime model 10nosphere the loss was greater than 60 dB in both cases

Figure 3* gives daytime and mghttime losses calculated for an extended range of
frequencies and two angles of incidence assuming a vertical geomagnetic field At 3
MHz the penetration loss exceeds 90 dB 1n all four cases, while above about 80 MHz
the loss 1s neghgible

SPECIFICATION OF ATMOSPHERIC NOISE

Spectrum of a Single Impulse

Figure 4 1llustrates an indtvidual impulse of atmospheric noise incident upon a re-
ceving antenna Let E(t) represent the time-variation of the electric field (volts m™)
1n the polanzation to which the antenna responds The noise impulse causes a voltage
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Table 8

PLANE WAVE IONOSPHERIC
PENETRATION LOSSES (DB)
FOR A 70° GEOMAGNETIC DIP

ANGLE.
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direction and field line
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FIGURE 3. lonospheric penetration losses for a 90° geomagnetic dip angle.
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FIGURE 4. Response of a narrow frequency band linear receiver to a radiation pulse.
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transient V(t) to appear across the reststive load R, of a linear recewver whose effective
frequency band-pass Af 1s centered on frequency It 1s V(t), or some feature of i,

that s actually observed
By Fourier transform theory, E(t) 1s the sum of sinusodal fields whose amplitudes

and phases vary with frequency

L =_|. |4 fcoscet - @1 af 20)
0
= Ref A et dr 21

0

where w = 2nf, and ¢ 1s the argument of the complex amplitude spectral density,
A= 2 Jm Ewe'tat (Vo Hz ) (22)

The spectral density of the wave-energy incident on a umit area transverse to the direc-
tion of propagation (spectral energy intensity) i1s

&'m = ar Goule m~ Hz ) 23)
22,

assuming a plane wave in essentially free space with Z, = 120r ohms
The energy ntensity & , in joules per square meter may be found by integrating
erther with respect to time, or frequency

& = lem @t =j'°° &'(nds @
A
0 0

If A 1s the absorption cross section of the antenna for the direction from which the
impulse 1s received, and 1f G 1s the power gamn of the matched receiver, the energy P
dehvered to the receiver load 1s AG & * (1)Af (joules) provided & * (f) does not vary
too much across the pass-band Af But also

f V3(tydt @5)

so that
&~ — " Vi(t)dt 26
xGr ar J )

Thus by observing V(t), or P, the spectral energy intensity & " may be deduced

If the radiation pulse E(t) s much shorter 1n duration than the ringing time of the
frequency selective networks responsible for the restricted bandwidth Af, the form of
V() will be more charactenistic of the receiver than of the ncident pulse Thenif V, 15
the peak of the envelope of V(1)
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V) = vV, w(t) @n

where w(t), an oscillating function of unit peak amplitude, describes the ringing. Then

wpz oo
' = . 2
&'(H) Y f wi(t)dt (28)

If the value of this integral is not measured, a rough estimate may be made from
fundamental considerations which suggest the effective duration of w(t) is in the order
of (Af)™. It is then reasonable to expect the integral to be in the order of (4Af)™' sec-
onds. A more detailed analysis by Horner® suggests that (2\/52Af)" is a better value
to use with multistage band-pass circuits. Then

2

&) ~ 29)
232 XGR (Af)?
Vi z
~ D oaf 0
lA(f)l Af 2AGR|, (30)

The narrow band (Fourier) parameters A(f) and & '(f) provide conceptually attrac-
tive descriptions of the spectrum of a single sferic. If wider bandwidths are used, the
relation between output voltage and energy in the absence of phase information be-
comes less clear. For example, if the bandwidth is 1 kHz, the ringing time is compara-
ble with the duration of many sferics bursts, and the assumption underlying Equation
28 is not valid. Thus if data measured with one (wide) bandwidth is to be extrapolated
to a different one, the exercise of judgment may be required.

Spectra of Pulse Sequences

If the pulse E(t) is repeated endlessly with a precise repetition frequency f., the
spectrum consists of discrete lines of amplitude |A,], frequency nfs, and angular fre-
quency w, = 2nn fgx:

EM) = 9, |a,]cos @yt - o) 3
n=1
= —iw_t
= Gey e " (32)
n=1

where @, is the argument of

A, = 2fRI E(t) eiw“t dt Vm?) (33)
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the ntegration being over one repetition mterval (Since E(t) 15 a radiation pulse, A,

1f the source emuts 1ndividual random pulses at an average rate {4, and of average
spectral energy intensity &'s, the spectral power intensity 1s

SN = fy B0 (wattm™ H,™) (34)

The peak amplitude A of an equivalent sinusoidal wave which would deliver the
same average power as the noise in a bandwidth Af1s grven by

A, = VIZLSaT 35)

Because of the proportionality to the square root of the bandwidth, A*® 1s not a spec-
tral density 1n the usual sense

Radio noise from electrical discharges 1 the atmosphere 1s irregular, the power de-
livered to the receiver foad fluctuates, and the fraction of the time that a given level 1s
exceeded 15 a parameter of importance in the design of radio systems Probability
curves based on average power, average envelope voltage, and average loganithm of
envelope voltage are avatlable ' The use of nonlinear (hmiting) circwits may be advan-
tageous n reducing the effects of impulsive noise in some apphications

Brightness Temperature of Extended Noise Sources

When radio noise sources are distnbuted over a range of azimuthal and elevation
angles, the concept of brightness, borrowed from optics, provides an appropnate
measure of the emussion An element of an extended monochromatic source at free-
space distance (R) from an observer, appears to have a projected area (dF) transverse
to the viewing direction The radiation power 1ntensity dS m watts per square meter
of transverse area at the observer, 15 evidently proportional to dF and inversely pro-
portional to R? The brightness (b) of the source 1s then defined as the constant of
proportionality 1n the equation

a8 = —5 (watt m-t) 36)

=bdn an

where dF = dQ/R?1s the solid angle subtended by the source Thus b may be regarded
as the power intensity per steradian w m™ ster™, a quantity which would be infinite
for a mathematical point source If the radiation 1s not monochromatic, the corre-
sponding quantity 1s spectral brightness (b") in w m™* ster-! Hz™!

Brightness can also be stated 1n terms of a brightness temperature, or noise temper-
ature, which 1s the temperature T of a black body whose brightness b’,, would equal
that of the source By the Planck radiation law,

by = 88 [CHANSIS (watt m=? ster™* Hz™')  (38)

where { = 4 772 % 107" deg Hz™%; # = 1 453 x 10-5° w m"? ster™* Hz™*, T 15 1n degrees
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kelvin, and f is the radiation frequency in hertz. An integration shows that one square
meter of black body surface receives, and hence also radiates, nb’,, watts per hertz.

At radio frequencies {f/T is usually small, and the exponential may be replaced by
the first two terms of its power series, giving the Rayleigh-Jeans approximation:

bpg =~

it

27 = 2kTA? (39)

where k is Boltzmann’s constant (1.38 x 1072 joules deg™"), /¢ = 2k/c? = 3.045 %
10-*°, and 1 is the wavelength in meters. The error in this approximation is less than
about 5% if f < 2x 10°T. On inverting Equation 38,

T=— 5 (40)
In@C o, + 1)
~ A /2k 1)

when Bf3/b’gg is small.

Under thermal equilibrium conditions, a thermally insulated matched resistive load
of an ideal antenna immersed in black body radiation of temperature T will also be at
temperature T. The power received by the antenna and delivered to the load is then
equal to the power delivered by the load to the antenna and radiated. By the Nyquist
formula this power is KTAf, where Af is the frequency bandwidth. (For a more detailed
discussion see for example, Steinberg.”)

The concepts of brightness, and brightness temperature, provide measures of radio
noise largely independant of the type of antenna used. However if the noise is not
isotropic, the measured noise temperature will be a directional average, weighted with
respect the antenna directional pattern.

The power intensity S of a sinusoidal plane wave incident on an anienna in the
direction of highest gain, and with the optimum polarization, which would deliver a
power to the load equal to the noise power is kTAf/X, where X is the receiving cross
section of the antenna in m?. For very short dipole antennas X = 0.119442, while for
haif-wave dipoles X = 0.130512. More generally, X = G1*/4n where G is the gain of
the antenna. From Equation 35 it follows that the peak plane wave field strength equiv-
alent to the noise,

Eeq = V2Z,kTAf[X (42)

SOURCE STRENGTHS OF SFERICS

Observational Techniques

The observation of the radiation fields produced by atmospheric discharges at some
standard short distance, for example 10 km, provides a measure of radiation source-
strength which is relatively free of propagation uncertainties. The distance can be
found by triangulation with direction-finders of the field-resolving type,* of the time-
of-arrival type,*85°77 or by using wide-aperture directional antennas (see the subsection
“Mapping of VHF/UHF Sources in Clouds’’), and lightning discharge channels can
be located by radar. Some of these techniques can also provide information on the
altitude of the radiation sources, provided the radial distances are not too large.
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Espeaially at long wavel hs, the electrc 1 y conditions at the
Earth surface may largely determine the polarization of the recerved atmospheric noise,
see the section “*‘Radio Wave Generation and Propagation *” In making field measure-
ments on or near the ground 1t has been common practice to observe the vertical elec-
tric field or the associated horizontal magnetic freld, etther of which provides infor-
mation on the Transverse Magnetic (TM) polarization-component of the radiation
Balloon-borne sensors have been used to a limited extent to observe notse 1n the Trans-
verse Electric polanzation n the LF spectral region

Data Adjusted to Standard Distance and Bandwidth

Published data on sferics observed from nearby storms have been adjusted to a
standard distance and standard bandwidth by Pierce,®” Kimpara,*? Cianos,' and Ka-
chunin,®® thus providing a basis of comparison over a wide range of frequenctes Figure
5 shows individual points from Cianos,’* who normalized available data to a 10-km
distance and a 1-kHz bandwidth The ordinate shows peak voltages in this bandwidth,
referred to equivalent plane wave field strengths The solid line 1n Figure 5 links data
points from more recent work®® at six different frequencies, each point representing
at least 30 measurements

The scatter of the data 1s worst around 100 MHz, where the range of varniation 15
about 100-fold 1n field strength, or 10,000 times 1n intensity The general trend of the
data 1s one of decreasing field strength with increasing frequency, and 1s roughly rep-
resented by the relation

Fpeax A 650017 (107 < < 10%) “43)

where here E,... 1s tn microvolts per meter, and f 1s 11 MHz The data of Kosarev,*
(solid diamonds in Figure 5), show a mimimum at a frequency around 300 MHz Ko-
sarev speculated that this might indicate the onset of a different source mechanism

In addition to the discrete atmospheric notse bursts, Kachurin®® also reported that
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thunderclouds emitted a continuous radiation consisting of short pulses at rates as high
as 400 sec™?, and lasting for times in the order of 1 hr. The equivalent field strength of
this noise in a 1 kHz bandwidth at a distance of 10 km was about 1 uV-m™ from 1
MHz 10 300 MHz.

Spectral Densities at 10-km Distance

As discussed in the section ‘“Specification of Noise,”” information for a finite band-
width, as in Figure 3, is not exactly convertible to a Fourier spectral density. Points
indicated by solid dots in Figure 6 show spectral densities A(f) from Horner,? allow-
ance being made for A(f) being twice Horner’s S(f). Points indicated by diamonds
show spectral data of Kosarev*? converted to amplitude.

Power measurements at 600 MHz reporied by Hewitt** and converted to amplitude
spectral density at 10 km, are also shown in Figure 6. This noise appeared either as
trains of individual impulses lasting for 0.1 msec to 3 msec preceding the appearance
of radar echoes from discharge channels, or as a general increase in receiver noise.

Krider*® observed noise bursts with durations of 100 to 400 psec with sufficient time
resolution to show that they consisted of individual short impulses separated by about
5 usec with a standard deviation of about 1.8 psec. As observed at distances around
50 km, a typical individual impulse rose to a peak of about 1 V m™"in 0.1 usec, de-
creased to zero in about 1 usec, and ended in a low amplitude tail of opposite sign.
Krider attributed these pulses to an intra cloud dart-stepped leader discharge process.
(For a discussion of discharge mechanisms see Brook,” Shonland,* and the chapter
““The Lightning Current.””) Extrapolated to 10-km distance, an individual impulse
would have a spectral peak in the order of 2 X 107 V. m™'Hz" at 200 kHz. Considering
a 40-impulse burst as a single pulse, and allowing for partial coherency, the spectral
density of the burst would be in the order of 107V m™'Hz™*, which is comparable with
the data in Figure 6.

Figure 7 shows burst durations estimated from data reported by different observers,
arranged by radio frequency. While burst-lengths may vary with the type of storms
and other factors, there seems to be a tendency toward shorter bursts at higher fre-
quencies. See also the subsection on ‘“Mapping of VHF/UHF Sources in Clouds.””

Current Moments

A variety of electromagnetic events are associated with what might be perceived
visually as a single lightning flash. The event responsible for the low frequency radio
noise is the sudden flow of a large current which may be in the order of 30,000 A or
more.?” Some aspects of the low frequency radiation may be illustrated by an over-
simplified model which represents the downward electric field at a distance of 10 km
by the function

E(t) = 60(1 — 10°t/60)e10° t/s V') (44)

where time t is in seconds, and where E = 0 for t< 0. This field has a peak amplitude
of 60 V m™*; changes sign at 60 usec; has a shallow minimum of =8 V m~* around 120
psec; and decreases to zero at infinite time. The integral of E(t) over all time is zero.
Except for the discontinuity at t = 0, the waveform represented by E(t) is quite typical
of many waveforms observed experimentally, for example see Kalakowsky.*

By Equation 8, a short upward-directed current moment

m(t) = 3% 10%* te-19° t/eo (amp m) (45)
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FIGURE 6 Amplhitude spectral density of sferics normalized 1o 10-km distance

together with 1ts ground reflection, could produce the field of Equation 44 This mo-
ment rises 1n 60 psec to a maximum of 6 6 X 107 amp m, then gradually decreases to
zero, reaching 1710 of 1ts maximum around 300 psec The maximum value of dm/dt
15 3 x 10" amp m sec !, and would be equivalent to a current-column of 30,000 A
advancing at 10* m sec™, a velocity typical of a return stroke *

The computed spectral density A (f) of the field described by Equation 44 1s shown
m Figure 6, and 1s in fair agreement with expernimental data points from 10 kHz to 10
MHz However the agreement at the high frequencies 1s largely fortuttuous because
this part of the spectrum, with tts ' frequency vanation, 1s a mathematical conse-
quence of the nonphysical discontimuty of E(t) att = 0 A seemingly shght modifica-
tion of the current moment would make dm/dt contmuous, give E(t) a finite rise-time,
and result 1n a faster high-frequency roli-off without substantially changing the spec-
tral amplitude around 10 kHz

A much more complicated model would be required to account correctly for the
high-frequency spectrum which 1s due to the complex of smaller current moments in a
discharge For example, an individual impulse, of the type shown by Krider to occur
repetitively (see “‘Spectral Densities at 10-km Distance™ above), could be produced by
a current moment 1n the order of only 2 x 10° amp m, or less than 1% of the moment
discussed above
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FIGURE 7. Estimated burst-durations.

Mapping of VHF/UHF Sources in Clouds

The hyperbolic, or time-of-arrival, technique*® uses an array of synchronized receiv-
ers and data processing to determine directions of incoming pulses. With receiver base
lines comparable to the propagation distances, and by observing VHF or higher fre-
quencies it is possible to locate pulse sources in three dimensions with considerable
accuracy.’®’” Another, and in some respects simpler, mapping technique is to scan the
sky with large diameter parabolic antenna. With a 6-m antenna, Harvey?” obtained
azimuth and elevation patterns of electrical activity in the vicinity of Kennedy Space
Center, Florida, at 250 and 925 MHz. Individual impulses from clouds at distances of
60 km or more could be recorded. The previously described dense-burst type of sferics
was frequently observed, but impulses also occurred singly, or in groups containing
only a few. This small-group emission was observed even when no lightning flashes
were seen, raising the possibility that the early stages of electrical build-up in clouds
might be detectable at considerable distances thus warning of a developing hazard.
Kachurin®® also mentioned possible diagnostic and predictive applications of “‘prethun-
derstorm emissions’’.

NOISE FROM WORLD-WIDE ATMOSPHERICS

Thunderstorm Distribution.

If lightning strokes radiated equally, and were distributed with equal probability
over the surface of a flat Earth, the more distant strokes would contribute more im-
pulses to a receiving antenna than nearby strokes, simply because the element 2nRdR
of surface area would increase with distance R. Since, in general, the radiation fields
decrease faster with distance than R~ there would tend to be more weak sferics than
strong ones. Although the distribution of sources over the world is far from uniform,
HF atmospheric noise does tend to consist of strong impulses superimposed on a more
steady background.'®

The geographical distribution of atmospheric noise sources relates to the average
number of ‘‘thunderstorm days’’ in an area in a given time period. Maps of the world
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with contours of thunderstorm days®* show that thunderstorms are most frequent 1n
equatorial regions, especially South Central America, Indonesia, and Africa The rel-
ative achvity vanes with local time of day and the season, and so does the HF radio
propagation from the area to a distant receiver In principle it might be possible to
calculate and predict notse levels from a knowledge of these factors — an approach
which has been developed for VLF*® — but conventional practice makes use of noise
charts which are based on notse measurements

Noise Charts

The charts of the US National Bureau of Standards'® and of the International
Radio Consultative Commuttee'' give average noise levels for short verucal recetving
dipoles as functions of frequency for each 4-hr time-block of the day, for each of four
3-month periods corresponding to the seasons The notse levels are parametric in noise
grade, which varnes from | to 5 depending on the observer’s location on a contour
map specific for the season The thickness of the lines tn Figure 8 shows the approxi-
mate range of seasonal variation in noise level for noise grade 3 for the time blocks
0000 to 0400 and 1200 to 1600 In summer, noise grade 3 would be appropnate for
parts of the U S and Europe for example In winter the same geographic areas would
have a noise grade between 2 and 3, and the noise levels would be lower than in Figure
8 In summer the spread between nowise grades 2 and 4 1s a factor of 10* for the ume
block 1200 to 1600 and a frequency of 1 MHz For the 0000 to 0400 time block the
corresponding spread 1s only about a factor of 160

The standard reference antenna for nowse measurements 1s a vertical electric dipole
which 1s equally sensitive for all azzmuthal directions With a high gain antenna it
mught be expected that the nowse level would vary considerably with azimuthal direc-
tion, but according to the International Radio Consultative Committee (CCIR)'' the
vaniation may be only about 6 dB or less on the average

Extrapolations to UHF and Higher Frequencies

A very rough estimate of the global average level of sferics noise at frequencies too
high for 1onospheric propagation might be made by assurmng that lightning strokes
occur over the 5 x 10" m? surface area of the Earth at the rate of about 100/sec,*
and that there 1s one noise burst per lightning strohe Taking an average burst duration
of 200 psec, and spectral density from Figure 6, an average brightness temperature can
be calculated for the whole Earth Estimates obtained in this way are less than 1 K for
the frequency range 100 MHz to 1000 MHz, so that on average, this noise 1s probably
neghgible compared to that from other sources

CORONA NOISE

When a conductor accumulates static charge, the electric field at the tip of any sharp
pomnt or edge 1s especially large and may be strong enough to tomize the air locally
and, m effect, permit charge to escape mnto the air in the form of 1ons The charge-
flow may appear as a direct current on a microammeter, but when observed with an
oscilloscope 1t 15 seen to consist of individual current impulses, each one corresponding
to a sudden brief breakdown of the insulating properties of the air The rapidly chang-
ng currents in the air, and on the associated electrical conductors, radiate radio noise

Coronal discharges 1n air are easily produced 1n the laboratory using DC voltage-
sources of 5 kV or more In vicimty of thunderstorms the electrostatic fields can be
strong enough to mnduce corona discharges from grounded metal towers and other
conductors

The type of discharge and 1ts electromagnetic parameters depend on many factors,
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FIGURE 8, Sferics noise temperatures for noise grade 3.

including the magnitude and sign of the driving field, conductor resistivity, contami-
nants on the surface, conditions of illumination, composition of the atmosphere, its
temperature, pressure, particle content, and velocity of air flow at the point.*’ In stand-
ard air the discharge may vary from quite regular small events, to streamers and small
sparks, on up to arc-over conditions.

In the common type of discharge described by Trichel,”® the charge released into the
air in each individual ionization is in the order of 2 X 107° C but is more or less,
depending on whether the discharge point is rounded or sharp. For a 10 pa average
corona current, there are about 5 x 10* discharges per second. In a typical individual
Trichel discharge, the current may rise to a peak of about 8 x 107 amp in 107 sec,
and decay to half value in about 8 x 107° sec. The corresponding current spectrum
would have a value of about 2 % 10-'® amp Hz™* up to around 10’ Hz, and then would
decrease.

From tests with corona artificially induced at the upper end of a vertical quarter-
wave monopole receiving antenna at 200 MHz, a tentative value of the spectral energy
delivered to a matched receiver by an individual corona impulse is 1.5 X 107%° joules
Hz'.?° With an incoherent pulse rate of 10* sec™, the power spectral density would be
1.5 x 107'¢ watt Hz™! which is equivalent to an antenna temperature of about 107 K,
which is much larger than typical sferics noise at 200 MHz. Ways of reducing corona
noise on receiving antennas include increasing the radius of the tip to decrease the local
electric field, and coating the antenna with an insulating material that resists electrical
breakdown.

Electrical sparks from electrostatic processes may constitute a fire or explosion haz-
ard in certain industrial environments, for example, in oil tankers. However, to ignite
a given inflamable mixture a minimum threshold spark energy is required. The early
detection of corona-like radio noise from low energy discharges has been proposed™
as possibly providing a warning of developing conditions likely to produce more dan-
gerous discharges.

Aircraft become electrically charged when flying through clouds, due to particles
impacting the surface of the fuselage and wings. Charging rates in the order of 500 pa
have been observed with large jet aircraft,’ and under equilibrium conditions an equal
current is discharged into the air by corona. The radio noise from the corona is picked
up by on-board receiving antennas at levels depending on certain electromagnetic cou-
pling factors, but Tanner’ reported noise levels in terms of equivalent free-space plane



272 CRC Handbook of Atmospherics

waves 1 a 1-kHz bandwidth Examples of noise at the fin-cap of a 707-type arcraft
flying at 20 kft (6km) and discharging a current of 250 pa vaned from around 2000
uvm™ at 500 kHz, to 20 uVm™ at 8MHz Radio interference from corona noise on
awcraft can be reduced by providing discharge points of electrically resistive material

Corona noise from high-voltage power transmission lines contributes to the overall
level of man-made radio noise which comes from many sources including electrical
machimery and 1gnitton circuits of gasoline engines From estunates given by Prerce,”
the man-made noise temperature of a short vertical antenna m an urban environment
1s approximately

Ty = 9X10° 22K, (O1 < £ < 100) (46)
where here f 15 in megahertz In urban areas, especially in the daytime, man-made
noise can exceed the atmospheric nosse level For rural areas the estimate of man-made
noise 1s about 1/200 of that given by Equation 46

ATMOSPHERIC THERMAL NOISE

As discussed 1n the section *‘Radio Wave Generation and Propagation,’ the atmos-
phere 1s sigmificantly absorbmg at centimeter and millimeter wavelengths, and 1t fol-
lows from thermodynamics that the atmosphere must also emit thermal radiation at
these frequencies Atmospheric thermal noise 1s of molecular origin and 1s essentially
unrelated to the unpulsive noise from electrical discharges A directional antenna look-
g up from the ground at zemth angle x receives thermal radiation emitted by each
elemental thickness ds of air at distance s 1n that direction  The height h of the element
above the spherical Earth of radius a1s given by

h = v/a* +s* +2ascosx — a 4N
= §C0SX (s << acosx) (48)

If n(h) 1s the absorption coefficient at alttude h, the absorption factor of the element
ds 1s nds, and hence the element radiates with spectral brightness b’zands, where b'ps
1s the spectral brightness of a black body at thermodynamic temperature T(h) at alti-
tude h (see Reference 21) The absorption in the air along the path s to the antenna
reduces the brightness by the factor

s
e—j; nds
so that the total atmospheric brightness at the antenna s
- s
g AL
N 9
0

If b, 15 the spectral brightness of the cosmic noise from beyond the atmosphere (see
the last section) this will appear to the antenna as an additional brightness

geh (50)
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Table 9
CALCULATED ATMOSPHERIC THERMAL NOISE TEMPERATURES (K) VS.
ZENITH ANGLE, FOR ANTENNAS AT ZERO ALTITUDE.

Zenith angle (degrees)
Frequency
(GHz) Line/window 0 20 40 60 80 90
1 — 2.01 2.14 2.62 4.00 11.1 75.7
22 H,O 29.1 30.8 37.3 55.1 130 3 287.4
35 w 16.4 17.5 21.3 31.9 81.6 281.5
60 0. 286 286 287 287 288 288
94 A\ 59.8 63.2 75.4 107 210 288
118 O; 259 262 270 280 286 288
140 w 99.6 105 122 164 260 288

Within the range of validity of the Rayleigh-Jeans approximation (see the section
‘‘Radio Wave Generation and Propagation’’) the equivalent noise temperatures may
replace brightness in the above. Typical results of numerical integrations for a model
(clear-air) atmosphere for 45° N Latitude in July®® (see Reference 80) are shown in
Table 9 for directional antennas on the ground.?? An elevated antenna at point Q,
looking down toward a point P on the Earth at incidence angle y, receives radiation
consisting of four components: (1) thermal radiation originating on the path PQ, (2)
thermal radiation from the Earth surface, attenuated by the path PQ, (3) atmospheric
thermal radiation reduced by the reflection coefficient of the Earth at angle y, and
attenuated by the path PQ, and (4) cosmic radiation reduced by the entire air-path
and by the Earth-reflection. These contributions can be estimated numerically in spe-
cific cases.

Rough, vegetated Earth-surfaces are generally good absorbers of short microwaves,
and hence the radiation is approximately that of a black body at air temperature. The
reflectivity of snow-cover can vary over a wide range depending on the condition of
the snow.2® If the surface is smooth water, for example, the power reflectivity is r?,
and the surface emissivity is (1 — r?), where r is the Fresnel amplitude reflection coef-
ficient appropriate to the wave polarization (see Equations 15 and 16). The brightness
of the surface is then (1 — r?) b'ps, where b’y is the brightness of a black body at Earth
temperature T. At centimetric and millimetric wavelengths most of the absorption,
and emission, for many common natural materials takes place quite close to the sur-
face, and the effective value of T may be close to the surface temperature.

As noted in the section ‘‘Radio Wave Generation and Propagation,’’ the reflection
coefficient can be markedly different for the TE- and TM-polarizations, especially
with smooth flat surfaces, and angles of incidence near the Brewster angle. Because
of the high TM-wave absorption at the Brewster angle the thermal emission in the TM
polarization can be significantly larger. This was demonstrated experimentally by ob-
serving the thermal radiation from calm seawater at 24.2 GHz*" (see also Reference
69). For typical natural land-surfaces, the microwave emissivity varies less with wave
polarization.

At MF and HF wavelengths the D-region may be strongly absorbing (see the section
on radio wave generation) and hence must also radiate.® The electron temperature in
the D-region extrapolated from higher altitude data® is probably only a few hundred
degrees Kelvin: about the same as the neutral temperature. The MF-HF thermal radia-
tion from the D-region may therefore be expected to be negligible compared with sfer-
ics noise.
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ATMOSPHERIC NOISE AT SATELLITE ALTITUDES

Factors in Noise Estimation

In estimating atmosphernic noise levels for altitudes above the 1onosphere, four cases
may be disunguished In Case I the frequency 1s so high (f>fc) that 1onospherie reflec-
tion, refraction and absorption are neghgible The noise from the direction of the
Earth consists of atmospheric thermal noise, atmospherically attenuated thermal radia-
tion from the Earth, sferics, and man-made noise If the observation pont 1s at height
h high above the surface of the Earth of radius a, the area of the Earth contamed
within the observer’s geometric horizon, and from which radiation 15 receivable, 1s
approximately 2ra’h/(a + h), neglecting atmospheric refraction

In Case 2, the frequency 1s higher than the critical frequency, but low enough for
wonospheric refraction to be important The qualitative illustration, Figure 9 shows a
pomnt P, effectively above the 10nosphere, recetving waves for only a hmited area of
the Earth lymng between the rays B and B’ for which f > I, sec8 (see the subsection
‘*lonospheric Propagation”) As f approaches f. the cone of directions and the corre-
sponding area on the Earth shrink down to zero, and the 1onosphere becomes nearly
opaque A more quantitative discussion of the closing aperture effect has been given
by Herman *? The 1onosphere ts not perfectly umiform, and for this and other reasons
the boundaries of the aperture are somewhat blurred (see Reference 57)

Because the ionosphere transmits some frequencies and not others, the wave-form
E(1) of an individual sferic observed at satellite altitudes will be different from that
observed below the 1onosphere Pierce®” gave field strength estimates of individual sfer-
1cs at satellite altitudes, assuming a model 1onosphere with a 5-MHz cnitical frequency
For an altitude of 1000 km, and a 1-MHz bandwidth, these estumates range from 2000
uVm™at 10 MHz to 100 uVm™ at 100 MHz

In Case 3 the frequency 1s less than the 1onospheric critical frequency, but greater
than about 1 MHz Thus 1s the spectral region in which the 1onosphere 1s nearly opaque
(see Figure 3) In Case 4, from below 1 MHz to 100 kHz, the attenuation 1s large m
the daytime, but may be less than 10 db at might depending on the propagation direc-
tion with respect to the geomagnetic field

Satellite Data

Herman* has reviewed HF noise information obtained from satellites at distances
from 1 3 to 31 Earth radn At 2 MHz the 10nosphere 1s so nearly opaque most of the
time that sferics noise 1s less than the cosmic noise background at that frequency At
3 MHz, sferics are occasionally found to penetrate the 10nosphere when the critical
frequency 1s low, as would be the case on winter mghts at the times of solar nimima,
or aver the main 10nospheric trough where the critical frequency can be lower than 4
MHz Above these frequencies, on up to about 30 MHz or higher, sferics noise ts
generally dommant Although based on only 120 data points, a contour map of terres-
trial radio notse temperatures at 9 18 MHz, derived from measurements by the RAE-I
satellite,®? shows major noise peaks roughly comcident with the areas of maximum
thunderstorm activity (see the section *‘Noise From World Wide Atmospherics’’}

In the range between 100 and 600 kHz, noise of magnetospheric onigin can be very
intense (> 107WmHz™') above the 10nosphere #*?* Most of this noise 1s reflected
back out into space by the 1onosphere and hence does not reach the ground with ap-
preciable intensity

SPECIAL SOURCES OF ATMOSPHERIC NOISE

Certain special sources of atmospheric noise are of interest even though they may
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FIGURE 9. Ionospheric refraction of HF rays from a point above the ionos-
phere.

not be major contributors to world-wide noise levels. For instance, wind-blown snow
particles impinging on a receiving antenna produce radio noise whose equivalent radia-
tion field-strength decreases with increasing frequency, at a rate depending on wind
velocity.?® Dust storms can cause atmospheric fields of many thousands of volts per
meter; enough to produce corona currents from sharp points, and perhaps even cause
lightning discharges.*!

Tornadoes have long been considered to be strong emitters of radio noise. This noise
may differ significantly from that of ordinary thunderstorms; for example, the rate at
which sferics bursts occur in tornadoes has been proposed as an index for tornado
warning. Taylor’ concluded from measurements from 10 KHz to 3 MHz that the noise
sources are not always confined to close proximity of the funnel and are probably in
the parent cloud. Harvey?’ observed noise from a distant tornado with a parabolic
antenna at 925 MHz and concluded that the sources of the noise extended to unusually
high altitudes.

Lightning-like flashes have been observed near erupting volcanoes, probably the ear-
liest account being that of Pliny*® who described the eruption of Vesuvius. Presumably
radio noise emissions accompany such flashes. The detonation of chemical explosives
in air is said to cause electromagnetic radiation.” A source-mechanism which has been
suggested, involves the sudden exclusion of preexisting static fields in the volume of
air made electrically conducting by ionization from the explosion. In the case of nu-
clear explosions, lightning-like discharges have been photographed around the periph-
ery of the resulting cloud-mass. The powerful electromagnetic-pulse which occurs at
the instant of an airburst nuclear explosion, is explained by a quite different mecha-
nism: a sudden burst of gamma rays enters the air, and an outward flow of Compton
electrons results. Any asymmetry of this electron flow such as might be caused by the
ground, or even the density gradient in the air, would produce a net current-moment
in one direction thus causing the radiation.?

In an unusual experiment, regions of high electrostatic fields in thunderstorms were
seeeded with millions of short chaff-fibers.** A 35-GHz radiometer antenna directed
toward the chaff indicated noise temperatures in the order of 300 K. This noise was
attributed to coronal discharges from the fibers.

The influx of high energy particles into the upper atmosphere is usually accompanied
by a decrease in the high frequency cosmic radio noise received on the ground because
of the additional absorption from the ionization produced by the particles. Recent
measurements® indicate an increase in noise level in the frequency range 8.0 to 25.5
MHz several hours before the cosmic noise absorption occurs. The noise increase was
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attributed to the deceleration (braking) of electrons with energies greater than 40 keV
entering the 1onosphere

Newman®' showed that lightning could be tniggered artificially by rapidly thrusting
a long grounded conductor up toward thunderclouds In 1969 hghtming struck the
Apollo 12 space vehicle twice shortly after hift off, and 1t 1s generally thought that the
conducting exhaust trail played a role m that event Conventronal aircraft are occa-
sionally struck by lightning, and in these cases electromagnetic fields, but not necessar-
1ly the radiation fields per se, can be responsible for damaging or causing malfunction
of electronic and other equipment In many cases pilots have reported severe noise
mterference  radio equipment well 1n advance of recetving a lightning strike  Such
events sometimes take place with no known thunderstorms nearby **

Many anecdotal reports describe the appearance of ball lightning, see for example
the discussion by Singer ¢ Most of the reports describe a glowing sphere, or ball of
light, with a diameter of perhaps 30 cm The glow persists for some seconds, and may
hover or move about slowly The giow may fade silently, or 1 some cases ends with
explosive force Of those theories which seek a physical explanation, probably that of
Kapitza® has been most widely discussed In this theory the visible glow 1s ascribed to
a igh radio-frequency gas discharge, with thunderstorms as a possible source of the
electromagnetic energy

RADIO NOISE FROM EXTRATERRESTRIAL SOURCES

Introduction

In some cases, noise from sources external to the Earth may be more important than
atmospheric noise The sun and other members of the solar system contribute part of
the extraterrestrial background, and the remaining cosmic noise has both galactic and
extragalactic components Galactic notse comes from sources in the Earth’s own galaxy
(Milky Way) which contains something 1n the order of 10" stars, vast quantities of
mterstellar dust, and gases — especially atomic hydrogen Most of the matenal of the
galaxy 1s distributed 1n the form of a thmn flat disk, with a bulge near 1ts center The
disk diameter 1s about 8 x 10* light years, and the solar system 1s located i the disk
about 3 x 10° light years from the center The disk has spiral-like features, but when
viewed edge-on from the eccentric position of the Earth, the spiral structure 1s not
conspicuous, and the maximum density appears n the general direction of the galactic
center The rest of the galactic matenal, stars, and globular clusters, 1s dispersed
throughout a sphere or ‘halo’ about 1 3 x 10° light years m diameter, with its center
near the center of the disk There are many other galaxies at still more remote distances
beyond the Milky Way, some of which radiate radio noise which reaches the Earth
with appreciable intensity

The ““positions”’ (actually directions) of astronomical objects can be described in an
angular coordinate system on a Celestial Sphere concentric with the Earth Intersec-
tions of the sphere by the axis of the Earth define North and South Celestial Poles,
and hence also a Celestial Equator Degrees of astronomical latitude or *‘declination’
(d) are measured northward from the equator, and astronomucal longitude or ““Right
Ascension” (e) 1s measured 1n hours (24 hr = 360°) eastward from a reference merid-
1an which contams the point where the sun crosses the equator at the Vernal (March)
Equinox Figure 10 illustrates the Northern Hemisphere of the celestial sphere as 1f
seen from a great distance above the North Pole The plane of the Galaxy intersects
the sphere m a great circle whose northern half appears semielliptical 1n the projection
of Figure 10 The direction opposite to the center of the Galaxy, 15 indicated by the
pomt GAC That diameter of the sphere which 1s perpendicular to the gatactic plane,
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FIGURE 10. Celestial sphere viewed from above the Narth Celestial Pole.

defines the Galactic poles; the Northern Galactic Pole (NGP) is shown in Figure 10.
The position of certain discrete sources of radio noise (see the section ‘Discrete
Sources’’ following) are also shown. The geometrical relations of points on the celestial
sphere may be found by spherical trigconometry, or by vector analysis. In a rectangular
coordinate system XYZ, with OZ in the direction of the North pole and OX in the
reference meridian, the unit vector in the direction d, a is

ro = €OSa€OS8 N\, +sina coss ¥y, +sind 3, (51)

where x., y., Z, are unit vectors in the coardinate directions.

Since an observer's view of the sky is limited by the local horizon, not all of the
cosmic sources contribute to the noise at a given time and place. Neglecting refraction
effects, a source having declination ¢ will always be above the horizon of a sea-level
observer at geographic latitude L if tandtanL > + 1, and will never be above if tandtanL.
<—I. For intermediate cases the fraction of the time that the source is above the hori-
zon is given by (1/180°) cos™ (— tandtanL). At L = 45°, for example, the galactic
center with § = —29° (approximate direction of Sagittarius A) is above the horizon
about 31% of the time.
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A number of different emission mechanisms are involved in the generation of extra-
terrestrial noise A discrete spectral line observed at A = 21 cm 1s due to quantum
transittons 1n neutral hydrogen In the case of the moon and most of the planets, the
radiation 1s of thermal origin  The continuous radiatton from hot stellar gases can be
attnibuted to the acceleration of charges with high thermal velocities The mass motion
of charges i plasma oscillations may be a source of noise in stellar atmospheres, and
certainly the plasma critical frequencies play a role in determiming what radiation can
escape In other sources, the relatively high intensities of low frequency radio nosse,
and the presence of linearly polarized noise components are evidence of synchrontron
radiation, so called because 1t was first recognized 1n the form of visible light from
accelerated electrons 1o high energy machines of that name The basic classical theory
was developed around the beginning of the century™ and can be derived from the
relativistically correct formulas for radiating charges (Equations 1, 2) by assuming the
pomnt charge q s orbiting 1n a free-space circle of radius g, with constant velocity v,
and a centripetal acceleration v¥/g provided by a magnetic field perpendicular to the
circle As the charge velocity approaches the velocity (¢) of electromagnetic waves, the
radiated power increases, and the increase appears 1n spectral lines at increasingly high
harmonics of the orbital period For high energy electrons, the strongest hine occurs
at a harmonic number n = 3 4 k.* where K, 1s the kinetic energy of the electron in
millions of electron volts Thus for K, = 100 mev, n = 3 4 x 10 The radiation 1s
strongest in directtons very close to the orbital plane, where 1t 15 polarized with the
electric vector parallel with the plane In an astronomuical source there would be distri-
butions of particle types, energies, and directions with respect to the ambient magnetic
field, thus producing a complex radiation-mix

Much of the information 1n this section may be found 1n far greater detail in one or
more of the following references 1, 34, 66, 70, 80, 81 and 84 Many original papers
may be found in The Astrophysical Journal and in the Royal Astronomucal Society
Monthly Notices

Cosmic Noise Maps

Radio noise maps of the entire celestial sphere are becoming increasingly available,
and earlter text books give examples and references to partial maps A typical map for
a given frequency, shows contours of equal brightness temperature on a projection in
which d and e appear as rectangular coordmates Other maps use galactic coordinates
with the galactic plane as the equator

Notse maps typically show higher temperatures 1in a band perhaps 20° wide along
the galactic plane, and the highest temperatures in the band are approximately 1n the
direction of the galactic center Maps for 136 and 400 MHz, prepared for a cosmic
noise study by NASA,”™ show brightness temperatures for about 20 contour-intervals
With this degree of resolution, the 136-MHz maps show about 7 peak-regions with
temperatures ranging from 600 K to over 3200 K, and the 400-MHz map shows about
5 peaks from 60 K to 240 K An antenna ponted at the sky has a temperature equal
to the average temperature of the sky within 1ts beam so if the directional pattern 15
known, 1t can be combined with the temperature information, and the effective an-
tenna temperature calculated by numerical integration If appropriate, esimates of
I« pheric and tropospheric effects may also be folded in If the antenna has a very
narrow beam 1t may be necessary to take individual discrete sources 1nto account (see
the subsectton below, ‘‘Discrete Sources®’)

Average Cosmic Noise Temperatures
In many cases, a rougher estimate of cosmuic noise than that obtatned by a detailed
numerical integration may be adequate For example, a low gain antenna, such as half-



Volume I 279

108

106 -

168 }—

NOISE TEMPERATURE (9K}

103} —

102}—

10 |-

0.1 J l I l l

106 107 108 109 1010 1011

FREQUENCY (Hz)
FIGURE 11. Estimates of average cosmic noise temperatures,

wave dipole receives cosmic noise over a wide range of directions and the received
noise power will be a time-varying average, and it may suffice to know typical values.

Line C in Figure 11 is an approximation of the cosmic noise levels from 1 to 100
MHz adopted by Crichlow and Smith'¢ as being appropriate for vertical half-wave
dipoles near the surface of the Earth. On this line, antenna temperature is proportional
to f23. Curve H in Figure 11 summarizes many data points from Alouette satellite
observations?® which were relatively free of ionospheric effects. More limited data re-
ported from a variety of other space measurements, tend to run higher by perhaps 3
dB.

A frequency variation of 22 also approximates the temperature trend found by
Piddington,* who analyzed data at frequencies as high as 3 GHz. Although this trend
applied primarily to noise from near the galactic center, it can perhaps be used with
some caution for estimating temperature averages in the present context; see dotted
lines in Figure 11. An inspection of the radio noise maps of Pauling-Toth®* and of
Taylor’™ suggests that a numerical integration might yield an average noise temperature
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m the order of 40 K around 400 MHz This estimate {point P, 11 Figure 11) 1s consistant
with the f-2* line However, conunuing this Iine much beyond 1 GHz would conflict
with the couclusions of Penztas and Wilson® who reported a background temperature
of 35K at4 08 GHz (A = 73 cm) It s now generally accepted that this temperature,
or the more recent value 2 7 K (see for example Verschur®'), 1s nearly constant n all
directions on the celestial sphere, and represents the background temperature of the
universe, consistant with the *‘big bang’ theory of cosmological development This
temperature imposes a floor (F) shown in Figure 11 For comparison, the hine A 1s an
estimate of atmospheric thermal noise 1 the zemith direction for an antenna on the
ground, based on a computer model 22 Point Z (2 3 K) 1s the zemth atmospheric noise
temperature quoted by Penzias and Wilson %

Discrete Sources

When observed with increasmgly mgh angular resolution, the distnibution of cosmic
noise over the celestial sphere shows distinct radiation peaks, or ‘‘discrete sources”,
many of which have been 1dentified with objects known to optical astronomy Thou-
sands of discrete nose sources have been catalogued, some of them subtending angles
much less than one degree Table 10 lists 2 few such sources with their nominal dimen-
stons given 1n minutes of arc Sources which are part of the Milky Way, and those
which are extragalactic are distinguished by G or XG, respectively Distances are given
n light years All the sources listed in Table 10 are considered synchrotron emutters,
except Onon, which being thermal, has a power flux spectral density which increases
with frequency, see Table 11 The radio sources Cassiopela A and Taurus A are rem-
nants of supernova explosions which occurred 1n the years 1700 and 1054, respectively
The approximate posttions of the five sources in Table 10 having positive declinations
are indicated in Figure 9

To place 1n perspective the power of an individual localized discrete source, consider
a half-wave 100-MHz antenna oriented 10 receive the strong source, Cassiopeia A,
whose spectral power ntensity 1s about 1 9 x 1022 w m™?Hz ' Since the absorption
cross sectton of the antenna 1s about 12 m?, the received spectral power 1s 2 2 X
107*wHz™*, which on dividing by Boltzmann’s constant, gives an equivalent tempera-
ture of only about 18 K This would require a special low-noise receiver to detect, even
3f there were no noise from the rest of the sky If the antenna had 100 times (20 dB)
more gain, the temperature from Cassiopeia A would be around 1800 K, which would
be comparable to, or larger than, the estimated 1000 K average temperature of cosmic
noise from Figure 11 However, to obtain a gain of 20 dB over a half-wave dipole at
this frequency with a conventional parabolic reflector, its diameter would have to be
mn the order of 16 m

Radio Noise from the Solar System

In 1ts quiet state the sun thermally emits radio nosse, producing power flux spectral
densities on the Earth which increase with frequency as indicated 1n Table 12 Solar
disturbances, which are most frequent near times of maxima in the 11-year solar sun-
spot cycle, are often accompanied by strong bursts of radio noise The bursts assocl-
ated with solar flares can be particularly intense, see Table 12, they typically build to
a peak 1n a few minutes, then fade away 1n 10 to 100 min  X-rays from the flares may
increase the 1onization-density 1 the lower 10nosphere on the illuminated side of the
Earth, thereby temporanly improving low frequency wave propagation and causing
an apparent increase of atmospheric noise There may also by an emussion of high
energy particles, especially protons, which arrive at the Earth later than the X-rays
because of their lower velocities The particles produce longer-lasting 1onospheric ef-
fects, especially 1n polar latitudes, and can nterfere with high frequency propagation

1
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EXAMPLES OF STRONG LOCALIZED SOURCES OF COSMIC RADIO NOISE.

Source

Cassiopeia A

Cygnus A
Virgo A

Taurus A
Hercules A
Orion

Note: En = x 10"

G/XG  Dist. (LY)

XG
XG

1.1E4

5.5E8
3.5E7

3.5E3

1.5E9
1.6E3

Type

Supernova rem-
nant (1700 AD)
Double galaxy
Radio galaxy
(core-halo-jet )
Crab Nebula su-
pernova rem-
nant (1054 AD)
Double galaxy
Nebula

Table 11

RA -« (hr)

23.4

200
12.5

5.5

16.8
5.5

Dec — d (degrees)

58.6

40.6
12.6

22.0

5.1
-5.4

Approximate

size (min)
37

Ix2
6x10

5%7

1x2
30

APPROXIMATE SPECTRAL POWER FLUX DATA FOR SOURCES OF TABLE 10

Frequency (GHz)/wavelength (m)

0.03 0.1 0.3 1 3 10 30
Source 10 1 0.3 0.1 0.03 0.01
Cassiopeia A 4.4E - 22 1.9E - 22 7.1E —21 2.8E - 23 6.5E—~24 43E-24 1.8E—24
Cygnus A 2.0E—22 1.1E~-22 5.6E—23 22E-23 6.3E — 24 1.6E —24 —
Virgo A 4.1E - 23 1.5E - 23 5.8E-24 2.0E - 24 79E —~ 25 3.0E—-25 —
Taurus A 2.0E—-23 1.6E — 23 1.3E—-23 9.1E-24 6.3E—~24 4.4E — 24 2.5E~24
Hercules A 1.6E —23 5.5E—-24 1.8E — 24 5.6E — 25 1.7E ~ 25 5.6E — 26 —
Orion 2.5E—25 8.5E—25 2.6E — 24 4.1E — 24 44E ~ 24 — —
{(wm™Hz™")
Note: E~ = x 10,
Table 12
POWER FLUX SPECTRAL DENSITIES FROM THE SUN, THE MOON, AND
JUPITER.
Frequency (GHz)/ Wavelength (m)
0.03 0.1 0.3 1 3 10 30
Source 10 1 0.3 0.1 0.03 0.01
Solar bursts 2.8E~17 9.1E— 18 5.0E— 18 3.7E— 18 2.7E - 18 1.3E—18 5.3E~-19
Quiet sup 1.0E - 22 1.0E — 21 2.6E - 21 3.5E-21 6.5E — 21 2.9E ~ 20 —
Average moon — 4.4E - 25 4.6E —24 3.9E -23 4.4E ~ 22 3.6E - 21
Jupiter 40E-26 62E—-26 79E-26 8.5E-26 J7.6E—-26 1.JE-25 1.8E-24

(wm™?Hz™")
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Table 13
NOISE-RELATED DATA FOR THE PLANETS MERCURY, VENUS, MARS,
SATURN, AND URANUS
Mercury Venus Mars Saturn Uranus
Average distance from sun 60E + 7 10E + 8 22E+ 8 14E 49 28E+9
(km)
Approximate noise temper =1000 660 200 <300 130
ature a1 3 GHz (k)
Diameter (km) 48E +3 12E + 4 6 8E + 3 12+ 5 SIE +4
Distance with sunlit side to- 21E + 8 26E + 8 78L +7 13E+9 27E+9
ward Earth (km)
Corresponding solid angle 41E-10 16£-9 60E-9 67E-~9% 28E-10
(steradians)
Cale noise at 3 GHz =l IE-28 29E-27 33E-27 <$SE-27 10E~-28
(wmHz Y

for hours, or even days At 100 MHz, under quiet-sun condstions (10 *w m™ Hz") a
half-wave dipole antenna could recewve about 107*'w Hz !, which 1s equivalent to an
antenna temperature of about 90 K Under solar-burst conditions (107w m™ Hz™")
the antenna temperature would be 10* times higher, or nearly a milhon degrees The
ntense noise from the disturbed sun was first discovered when it interfered with radar
operations 1n February 1942 **

The moon 1s about 3 8 x 10* km from the Earth, and subtends about the same solid
angle as the sun, 6 7 x 10°® steradians The lunar surface 1s heated by the sun, and
emuts thermal radio noise The infrared and millimetric radiation comes from matenial
close to the surface, and varnes as the surface temperature follows the changing condr-
tions of solar llumination The temperature of the deeper layers which are responsible
for the longer wavelength radiation vary less The noise temperature of the full moon
15 around 220 K, and some values of power flux spectral density averaged over a lunar
cycle are given i Table 12

The planet Jupiter 1s about 7 6 x 10° km from the sun, and comes within about 6 3
x 10® km of the Earth when 1t subtends a solid angle of 3 9 x 10-¢ steradians Spectral
power intensities are given 1n Table 12 At wavelengths less than about 3 cm, the radia-
fion 15 pnmanly of thermal ongin with a noise temperature around 145 X, but at
wavelengths greater than about 10 cm the noise temperature 1s much higher (600 K)
indicating a nonthermal emission process, see for example, Smith ** Also, Jupiter oc-
castonally emits intense bursts of noise around 18 MHz, with spectral power intensities
1n the order of 107%° to 10-**w m™ Hz™* These bursts last for a tenth second or longer,
and have been observed as often as several times 1n a few days

The planets Mercury, Venus, Mars, Saturn, and Uranus are primanly thermal emit-
ters of radio nosse, with noise temperatures at 3 GHz given 1n Table 13 The last line
1n this table gives estimates of spectral power intensities calculated from the noise tem-
peratures and the listed geometric parameters, assuming that the sides of the planets
facing the Earth are nearly all sunlit For the nner planets, Mercury and Venus, this
condition holds when they are farthest from the earth For the outer planets, Mars,
Saturn, and Uranus, the approximate distances of closest approach to the Earth were
used The noise intensities 1n Table 13 are less than those of many discrete galactic
and extragalactic noise sources
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APPENDIX
LIST OF SYMBOLS
Meaning Units

electric charge couiombs
velocity meters second™
time seconds
distance meters
unit vector none

electric field

magnetic field

impedance of space

wave velocity

mag permeability

relativistic factor

current

current moment

length of segment

a number

peak sinusoidal
current moment

frequency

angular freq.

angle between M,
and R,

power intensity

peak sinusoidal
wave field

power

wavelength

zenith angle

height

electrical conduc-
tivity

relative dielectric
const.

reflection coeffi-
cient

reflection coeffi-
cient

a parameter

complex dielectric
constant

angle of incidence

depth

skin depth

base, natural logs

radius of Earth

volts meter™
amperes meter™
ohms

meters second™
henry meter™
none

amperes
ampere meter
meter

none

ampere meter

hertz
hertz
degrees or radians

watts meter—
volts meter™

watts
meters
radians
meters

mho meter™

none
none
none

none
none

radians
meters
meters
none
meters
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S Z

-

electron density

plasma frequency

critical frequency

mag flux density

gyro frequency

voltage transient

resistive load

field amplitude
spectral density

phase angle

spectral energy 1n-
tensity

energy intensity

antenna cross sec-
tion

energy to load

receiver gain

envelope peak

damped oscillation
of umt amplitude

amphitude of n™*
spectral line

arunning integer
number

angular frequency
of n™ spectral Iine

repetition fre-
quency

phase of n* spec-
tral line

av rate of random
pulses

amplitude of equiv-
alent sinusordal
wave

avvalueof &°

spectral power 1n-
tensity

projected area

brightness of ex-
tended source

solid angle

spectral brightness

absolute tempera-
ture

spectral brightness
of black body

Boltzmann's con-
stant

constant

meters™

hertz

hertz

Webers meters™
heitz

volts

ohms

volt meter™ hertz™'

rachans
Joule meter?
hertz™*
Joule meter?
meters®

joules
none
volts
none

volt meter™

none

hertz

hertz

radians

hertz

volt meter™

joule meter?
hertz™

watt meter hertz™

meter*

watt meter~ stera-
dian

steradians

watt meter™
steradian hertz™*

degrees Kelvin

watt metter™
steradian™ hertz™

joule degree™

degree hertz™*
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5] constant watt meter
steradian™' hertz™
E., equivalent field volts meter™*
E, o peak electric field micro-volts meter™
Turs noise temp in ur- degrees Kelvin
ban environment
s distance along meters.
propagation path
b’. spectral brightness  watts meter™?
of cosmic noise steradian™ hertz™*
n absorption coef. meter™*
r complex reflectiv- none
ity
d declination degrees or radians
right ascension degrees or radians
r, unit vector in direc- none
tiond, o
L latitude degrees or radians
X, unit vector along x- none
axis
Yo unit vector along y- none
axis
Zo unit vector along z- none
axis
o radius of circular meters
orbit
K. kinetic energy million electron
volt (abbrev:
MEV)
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INTRODUCTION

At herics are electrc 1c “‘signals,”” impulsive 1 nature, which means they
are spectrally broadband processes The lightning which radiates these atmospherics
radiates most of 1ts energy at frequency at and below HF (3 to 30 MHz) It s also
frequencies at and below HF which are used for long-range commumications, since
propagation 1s supported by the Earth-lonosphere waveguide While this means that
atmosphertes can be used to study this propagation media, the density and location of
thunderstorms and other geophysical phenomena, 1t also means that long-range com-
mumcations systems can receive interference from these atmospherics At any recewving
location, atmospherics can be recerved from the entire surface of the Earth (at low
enough frequencies) Therefore, the satisfactory design of a radio communications
system must take into account the level and other charactenstics of this atmospheric
noise It 1s the purpose of this chapter to treat this nature of atmospherics, 1 ¢, the
relationships between atmospheric notse and telecommunication systems It should
also be noted that 1n spite of satellite systems for long-range communicattons, the use
of systems using the 1onsophere to achieve long-range communications 15 continuaily
mcreasing

The satisfactory design of a radio commumications system depends on consideration
of all the parameters affecting operation This requires not only the proper choice of
terminal facilities and an understanding of propagation of the desired signal between
the terminals, but also a knowledge of the interference environment This environment
may consist of signals that are intentionally radated, or of noise, either of natural
origm or umntentionally radiated from man-made sources, or various combinations
of these It has long been recognized that the ultimate limitation to a communication
link wiil usually be the radio noise

There are a number of types of radio noise that must be considered 1n any design,
though, 1n general, one type will be the predominate noise and will be the deciding
design factor In broad categories, the noise can be divided 1nto two types — noise
mternal to the receving system and noise external to the recerving antenna Norse
power Is generally the most sigmificant parameter (but seldom sufficient) n relating
the interference potential of the noise to system performance Since the nose level
often results from a combination of external and internal noise, 1t 15 convenient to
express the resulting noise by means of an overall operating nose factor which char-
acterizes the performance of the entire receiving system The next section of this chap-
ter, therefore, defines the receiving system operating noise factor and shows how the
mternal and external noises must be combined It then gives esumates of the mimmum
(and maximum) environmental notse levels likely at any location on the surface of the
Earth The frequency range 0 1 Hz to 100 GHz 1s covered, and so the nterference
potential of atmospheric noise can be compared to that of other external noses (e g ,
man-made and galactic)

After the broad look of the next section, the section on “Worldwide Atmospheric
Radio Noise Estimates’’ goes on 1n much more detail concerming atmospheric noise,
giving 1its level as a function of time and geographic location In addition, the required
statistical charactenizations (in addition to level) are defined and examples given Fi-
nally, this section provides a historical summary of mathematical models for the at-
mospheric-noise process, stce, quite often, proper system design requires more infor-
mation (obtained by modeling) about the process than can be obtamned by
measurement alone

The last section summarizes the effects of atmospheric noise on system performance
and then gives various means of improving system performance in impulsive noise.
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WORLDWIDE MINIMUM ENVIRONMENTAL RADIO NOISE LEVELS
(0.1 Hz to 100 GHz)

Predetection Signal-to-Noise Ratio and Operating Noise Factor

As mentioned in the introduction, it is desirable to express the external noise levels
in a form which will allow the external noises to be appropriately combined with noise
internal to a telecommunications system. In so doing, it is then possible to make deci-
sions concerning required receiving system sensitivity; that is, a receiver need have no
more sensitivity than that dictated by the external noise. Also, the noise levels can then
be compared to the desired signal level to determine the predetection signal-to-noise
(s/n) ratio. The predetection s/n ratio is an important system design parameter and is
always required knowledge (required but seldom sufficient) when determining the ef-
fects of the external noise on system performance. It is useful to refer (or translate)
the noise from all sources to one point in the system for comparison with the signal
power (desired signal). A unique system reference point exists: the terminals of an
equivalent lossless antenna having the same characteristics (except efficiency) as the
actual antenna (see Reference 9). Consider the receiving system shown in Figure I.
The output of block (a) is this unique reference point. The output of block (c) repre-
sents the actual (available) antenna terminals to which one could attach a meter or a
transmission line. Let s represent the signal power and n the average noise power in
watts which would be observed at the output of block (a) in an actual system (if the
terminals were accessible). We can define a receiving system overall operating noise
factor, f, such that n = fkT,b, where k = Boltzmann’s constant = 1.38 x 107** J/K,
T, = the reference temperature in K taken as 288K, and b = the noise power band-
width of the receiving system in hertz.

We can also define a system overall operating noise figure F = 10 log,.f in dB. The
ratio s/n can be expressed:

(§/N) = S—-N (1)

where
S = the desired average signal power in dB (IW) = 10 log,es, and N = the average
system noise power in dB (1W) = 10 log;on. Let us now explore the components of n

in greater detail with emphasis on environmental noise external to the system compo-
nents.

For receivers free from spurious responses, the system noise factor is given by

Te

T
t
f=1,+@ -1 (‘ﬁ) +2,(2, ~ 1) (T—o) +2.0,(f,-1)  (2)

where
f. = the external noise factor defined as

Pn
KT, b

f, =

(3)

and F, = the external noise figure defined as F, = 10 log f.; p. = the available noise
power from a lossless antenna (the output of biock (a) in Figure I); £. = the antenna
circuit loss (power available from lossless antenna/power available from actual an-
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S/N f and f, Defined Here

T Physically Accessible Antenna Termunals

LOSS FREE ANTENNA o Y 1o ol 4o ol—to oo
WITH AVAILABLE ANTENNA TRANSMISSION RECEIVER
EXTERNAL NOISE CIRCUIT CINE OUTPUT
Ktyb OO or— of—jo o —to
B U] t &) teh
£at £ £
Ta T T
G TalTe L TG/T ) UL T 1,

P U IRT/Toh & L TT) + L Attt
FIGURE | The recerving system and its operating nosse factor, {

tenna), T. = the actual temperature, 1n K, of the antenna and nearby ground, £, =
the transmission line loss (available input power/available output power), T, = the
actural temperature, 1n K, of the transmussion line, and f, = the noise factor of the
recewver (F, = 10 log f, = noise figure in dB)  Let us now define noise factors f, and
f,, where {, 1s the noise factor assocated with the antenna circuit losses,

TC
= 14@ -1 T ()
and f, 1s the nosse factor associated with the transmission line losses,
f=1 ki
=140, -n{=2
A ® -1 I )

If T. = T, = T, (2) becomes
f=f, = 1+ 00 (6)

Note specifically that when f. = f, = 1 (lossless antenna and transmission hne), then
F#F. + F,
Relation (3) can be written

P, = F,+B - 204 dB(1W) 15

where P, = 10 log p. (p. = available power at the output of block (a) 1n Figure 1, 1n
watts), B = 10 log b, and —204 = 10 log kT, For a short (h < 1) grounded vertical
monopole, the vertical component of the rms field strength 1s given by

L, = F+20log fyp, + B — 95 5 db(l uV/m) ®)
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where E, is the field strength in bandwidth b and fy4. is the center frequency in MHz.
Similar expressions for E, can be derived for other antennas.’* For example, for a
halfwave dipole in free space,

E, = F,+20log fyyy, + B — 98.9 dB(1 uV/m) ©)

The external noise factor is also commonly expressed as a temperature, T., where
by definition of {,

T

f = —
T (10)

and T, is the reference temperature in K and T, is the antenna temperature due to
external noise.

More detailed definitions and discussions (including the case with spurious re-
sponses) are contained in CCIR Report 413.° Additional discussions on natural noise
are given in the next section of this chapter. Discussions on man-made noise are given
in the chapter on Man-Made Noise and CCIR Report 258.1°

Relationships among F., Noise Power, Spectral Density, and Noise Power Bandwidth

Note that f, is a dimensionless quantity, being the ratio of two powers. The quantity
f., however, gives, numerically, the available power spectral density in terms of kT,
and the available power in terms of kT,b. The relationship between the noise power,
P., the noise power spectral density, P.,, and noise power bandwidth, b, are summa-
rized in Figure 2.57 When F, is known, then P, or P,, can be determined by following
the steps indicated in the figure. For example, if the minimum value of F, = 40 dB
and b = 10 kHz, then the minimum value of noise power available from the equivalent
lossless antenna is P, = —124 dB(1W).

If £, = 3, then the noise power available from the actual receiving antenna is —128.8
dB(1W).

Estiinates of Minimum (and Maximum) Environmental Noise Levels

The best available estimates of the minimum expected values of F, along with other
external noise levels of interest are summarized in this section as a function of fre-
quency. Figure 3 covers the frequency range 0.1 Hz to 10 kHz. The solid curve is the
minimum expected values of F, at the surface of the Earth based on measurements
(taking into account all seasons and times of day for the entire Earth), and the dashed
curve gives the maximum expected values. Note that in this frequency range there is
very little seasonal, diurnal, or geographic variation. The larger variability in the 100
to 10,000 Hz range is due to the variability of the Earth-ionosphere waveguide cutoff.

Figure 4 covers the frequency range 10* to 10® Hz, i.e., 10 kHz to 100 MHz. The
minimum expected noise is shown via the solid curves and other noises that could be
of interest as dashed curves. For atmospheric noise (f > 10¢ Hz), the minimum values
expected are taken to be those values exceeded 99.5% of the time, and the maximum
values are those exceeded 0.5% of the time. For the atmospheric noise curves, all times
of day, seasons, and the entire surface of the Earth have been taken into account.
More precise details (geographic and time variations) can be obtained from CCIR Re-
port 322 ® which is discussed in the next section of this chapter. These atmospheric
noise data are of average background. Local thunderstorms can cause higher noise
levels. The man-made noise (quiet receiving site) is that noise measured at carefully
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FIGURE 2 Relationships between power, power spectral density, and noise band-
width (rms detector} (From Spaulding A D, Report OT 76-85 US Government
Printing Office Washington D C , 1976 )

selected, quiet sites worldwide as given in CCIR Report 322 * The atmospheric noise
below this man-made noise level was, of course, not measured, and the levels shown
are based on theoretical considerations® and engineering judgment ** Also shown 1s
the median expected business area man-made noise Further details concerning man-
made noise and 1ts variation can be obtained from the following chapter, CCIR Report
258,'° Spaulding and Disney®® and references therein, and Hagn and Shepherd **

On Figure 5, the frequency range 10® to 10' 1s covered, 1 ¢ , 100 MHz to 100 GHz
Again, the mmimum noise 1s given by solid curves while some other noises of interest
are again given by dashed curves

The majority of the results shown on the three figures 1s for omni-directional vertt-
cally polartzed antennas {excent as nated an the figures) The average value of F, for
directional antennas will be the same if we assume random direction Studies have
indicated that at HF (for example), for atmospheric nowse from hightming, there can
be as much as 10 dB vanation (5 dB above to 5 dB below the average F. value shown)
with direction for very narrowbeam antennas

For galactic noise, the average value (over the entire sky) 1s given by the solid curve
labeled galactic nowse (Figures 4 and 5) Measurements indicate a = 2 dB variation
about this curve The mimimum galactic noise (narrowbeam antenna towards galactic
pole) 1s 3 dB below the sohd galactic noise curve shown on Figure 5 The maxtmum
galactic noise for narrowbeam antennas ts shown via a dashed curve on Figure 5

Example Determination of Required Recetver Noise Figure

We now want to consider a simple example to show how to determine the required
recewver noise figure. At 10 kHz, for example, the minimum external noise 1s F. =
145 dB (see Figure 4) If weassume T, = T, = T,, and £, = £, = 1 (that s, no antenna
or transmission line losses), then

f=1-1+1 an

We can take f, to be that value which will increase F by only 1 dB This gives us a
nowse figure, F,, of 140 dB or an overall noise figure, F, of 147 dB Any smaller noise
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figure, F,, no matter how small, cannot decrease F below 146 dB Consider now that
£. =1, =100,1¢, 20 dB antenna losses and 20 dB transmssion losses Then,

=1, —1+10000%, a2

In order to raise the F no more than 1 dB (to 147 dB) for the above situation, F, can
only be as large as 100 dB As this example shows, 1t makes 1o sense to attempt to
use sensttive recewvers at low frequencies

As another example, consider a VHF recewver at 100 MHz The minimum noise Jevel
1s now due to galactic noise and 1s approximately an F, of 7 dB Suppose that f. =
100 and £, = 1, now, 1n order not to ratse F more than 1 dB, F, can only be as large
as—19 8dB

In the first example abave, the mterfering noise was atmospheric noise, and 1 the
second example the noise was galactic These two types of noise are quite different in
character — atmospheric noise being very mmpulsive and galactic notse being white
Gaussian  Correspondingly, these two types of noise will affect system performance
quite differently, even if they have the same level (1 ¢ , available power) In specifying
system performance, the detailed statistical characteristic of the noise must be taken
mnto account. One consequence of this 1s that the external nosse can still limit perform-
ance even though the receiver noise (Gaussian in character) 1s made as high as possible
so as not to increase the overall operating noise factor f System performance depends
on more than the nose level, and so far we have considered only noise level via f, In
the last two sections of this chapter, then, we continue on, taking a closer look at the
character of atmospheric noise and 1ts effects on system performance as well as some
techmques to overcome degradatton caused by impulsive noise
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WORLDWIDE ATMOSPHERIC RADIO NOISE ESTIMATES

Introduction

In the previous section we defined f, (and T,), the most useful and common way of
specifying the external noise level. We also noted that when one is concerned with
determining the effects of the external noise (e.g., atmospheric noise) on system per-
formance, more information about the received noise process than just its energy con-

- tent (level) is almost always required. In the following paragraphs, then, we wiil define
these more detailed statistics which are required and show, via examples for atmo-
spheric noise, their general characteristics. Having the definitions in hand, we wiil
discuss CCIR Report 322, which gives the available worldwide estimates for atmos-
pheric noise, its level, f., and also the most useful statistic, the amplitude probability
distribution of the received noise envelope along with the time, frequency, and geo-
graphic variations of these parameters.

Since the impulsive atmospheric noise can have serious effects on the performance
of communication systems, various techniques can be used to minimize these effects.
This means that receiving systems must be designed to function as well as possible in
impulsive noise. In general, in order to carry out such system designs, more knowledge
about the noise process is required than can be obtained by measurement alone. There-
fore, at the end of this section, a summary of the mathematical models that have been
developed for the atmospheric noise process is given. In addition to system perform-
ance and design problems, some of these models can be used, coupled with measured
noise data, to study various geophysical phenomena such as radio wave propagation,
thunderstorm accurrence rates, the nature of lightning, etc.

Definition and Examples of Measured Received Atmospheric Noise Envelope Statistics

Atmospheric noise is a random process. The fact that we are dealing with a random
process means that the noise can be described only in probabilistic or statistical terms
and cannot be represented by a deterministic waveform or any collection of determin-
istic waveforms. In addition, atmospheric noise is basically nonstationary; therefore,
great care must be exercised in the planning and making of measurements and in the
interpretation of the results. We must measure long enough to obtain a good estimate
of the required parameter but be certain that the noise remains ‘‘stationary enough”
during this period. This is no small point and is frequently overlooked in the design
of measurement experiments. We assume that the random noise process is stationary
enough over some required time period for us to obtain the required statistics. Of
course, how these statistics then change with time, as from day to day, as well as with
location, now becomes important.

The basic description of any random process is its probability density function (pdf)
or distribution function. The first order pdf of the received interference process is
almost always required to determine system performance (i.e., always necessary but
sometimes not sufficient).

Although a random process, X(t), is said to be completely described if its hierarchy
of distributions is known, there are other important statistical properties (important
to communications systems) which are not immediately implied by this hierarchy. Mo-
ments and distributions of level crossings of X(t) within a time interval, moments and
distributions of the time interval between successive crossings, distribution of extremes
in the interval, and so on are typical examples.

We now want to define, in a unified way, the atmospheric noise parameters that
have been measured and their interrelationships.
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For analysis of a communication system, the noise process of interest is the one seen
by our recewving system This means that we are almost always nterested in “narrow-
band” noise processes A narrowband process results whenever the bandpass of the
system ts a small fraction of the center frequency, f., and means that the received noise
15 describable in terms of its envelope and phase as shown on Figure 6 The noise
process, x(1), at the output of a narrowband filter1s given by

x(1) = v(t) cos {wet + a(1)]

where v(t) 1s the envelope process and ¢(1) 1s the phase process For atmospheric noise
in the absence of discrete signals, ¢ 15 uniformly distributed, that s

P} = =, —n<o<n
2n

Therefore, we will concentrate on the statistics of the envelope process, v(t} In general,
for system analysts, the required statistics that determine performance are either the
envelope statistics directly or are obtainable from the envelope and phase statistics
For noise from some discrete sources or for general background atmospheric noise
plus interfering signals, $(t) 1s not umformly distributed, and the statistics of the $(t)
process must also be known

As an example, let x(t) (Figure 6) be a white Gaussian process, then the pdf’s for x,

v, and § are
1 [ x? ]
exp | - —
N, No

plx) =

!

2 2
Pl = ﬁetp [_’.‘;_n] v>0

1
27

p(®) = , —TSe<w
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where N, is the noise power spectral density (watts/Hz). That is, the envelope voltage
v is Rayleigh distributed and the phase is uniformly distributed.
Figure 7 shows the noise envelope of a sample of atmospheric noise along with def-

initions of the various noise parameters that have been measured. From Figure 7 we
have:

The amplitude probability distribution (APD) is the fraction of the total measure-
ment time, T, for which the envelope was above level v,;

D(v) = Prob[v=v] = 1 -P)

where P(v) is the cumulative distribution function. The pdf of v is given by the deriv-
ative of P(v).

The average crossing rate characteristic (ACR) is the average number of positive
crossings of level v; = total number/T. For impulsive noise and at high envelope volt-
age levels, an average noise pulse rate (pulses per second) at the receiver input can be
inferred from the ACR. The requirement for the pulse rate to be essentially equal to
the ACR is that the noise envelope (at the level v)) be composed of isolated filter im-
pulse responses.**

The pulse spacing distribution (PSD) for level v; is the fraction of pulse spacings at
level v, that exceeds time 7. That is, the PSD is the distribution for the random variable
T.

The pulse duration distribution (PDD) for level v, is the fraction of pulse durations
at level v, that exceeds time T.

To specify time dependence in the received wave form, the autocorrelation function,
R(7), is used.

[t}

}o ? ViV, P2 (Vy5V7) dv,dv,

—oo —oo

R(7)

lim 1 ¢T
= e § voveena
0
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where v, 1s v(t) at time t,, v, 1s V(t) at t,, and T = tz — t,, with p; {v,, v,) the 2nd order
pdf of v(t) The autocovariance of v(t) 1s the covariance of the random varables v(t;)
and v(t:) For zero mean processes, the autocorrelation and autocovariance are identi-
cal

The power spectral density, S(w), for a stationary random process Is given by the
Fourter transform of R(r) This 1s similar to the Founer transform pair relationship
between the time domain representation and the frequency domain representation of
determimistic waveforms Note, however, that while for determimstic waveforms the
spectrutn gives the amplitude of each frequency component and its phase, no phase
mformation 1s possible for the spectrum of a random process If the process 1s ime
independent (correlated only for T = 0), then

R(z) = N, 6(r = 0)
and
S(w) = N,

Noise with the above property 1s termed “‘white **
The average envelope voltageis termed the expected value of v, E[v],

= -1 T = a
vy = EMVl = ?j; viydt= »jo vdDv)

where —dD{v) = p(v)dv

The rms voltage squared (proportional to energy or power), E[v?], 15
s ppry =t (T R S
Vims = FIV) = ?’g vigyde = —j; v! dD(v)
The average loganithm of the envelope voltage, Eflog v], 1s

Yiog = Cllogvl ='j'rlozvmd: = —f"10gv dDE)
8 (] ()

The peak voltage for time period Tis the maximum of v(t) during T

Because the rms voltage level can be given 1n absolute terms (1 e , rms field strength
or available power as given n the first part of the second section), 1t 1s common to
refer the other envelope voltage levels to it The dB difference between the average
voltage and the rms voltage 1s termed V,,

v,
Vg = —20log 22

Vems
The dB difference between the antilog of the average log of the envelope voltage and
the rms voltage 1s termed L.,

Viog
Ly = -2010g 12—~
v

rms
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Knowledge of the behavior of the above statistics with time and location is also impor-
tant.

Figures 8 and 9 show a 200 msec sample of atmospheric noise taken from a 6 min
noise recording at 2.5 MHz in a 4 kHz bandwidth and the autocorrelation for this
sample. Note from the autocorrelation that some time correlation (for small 7) is indi-
cated. While some samples of atmospheric noise show no time correlation, the situa-
tion depicted in Figure 9 can be considered to be typical for atmospheric noise. Figures
10, 11, 12, and 13 show the APD, ACR, PDD, and PSD for this 6-min sample of
atmospheric noise. In Figure 10 the dashed curve is that for a Rayleigh distribution
(envelope of Gaussian noise). The impulsive nature of atmospheric noise at 2.5 MHz
can easily be seen from Figure 10. In general, atmospheric noise is much more impul-
sive still (larger dynamic range) at lower frequencies (e.g., LF, MF, etc.). This example
of the statistics of the received atmospheric noise was selected to only give a general
‘‘feel’”” of the statistical nature of atmospheric noise. Even so, the example shown is
quite typical.

CCIR Report 322

Previously, the various atmospheric noise parameters that have been measured were
defined and examples given. How these parameters (e.g., f,) vary with time and loca-
tion is also required knowledge. Research pertaining to atmospheric noise dates back
to at least 1896;%° however, the research leading to the first publication of predictions
of radio noise levels was carried out in 1942 by a group in the United Kingdom at the
Interservices Ionosphere Bureau and in the U.S. at the Interservice Radio Propagation
Laboratory.? Predictions of worldwide radio noise were published subsequently in
RPU Technical Report No. 5% and in National Bureau of Standards (NBS) Circulars
4623 and 557,*® and CCIR Report 65.7 All these predictions for atmospheric noise
were based mainly on weather patterns and measurements at very few locations and
over rather short periods of time.

Starting in 1957, average power levels (f.) of atmospheric noise were measured on a
worldwide basis starting with a network of 15 identical recording stations. Figure 14
shows the location of these recording stations. The frequency range 13 kHz to 20 MHz
was covered, and measurements of F,, V., and L, were made using a bandwidth of
200 Hz. In addition, APD measurements were made at some of the stations.

The data from this worldwide network were analyzed by the Central Radio Propa-
gation Laboratory (CRPL) of NBS and the results published in the NBS Technical
Note Series 18. The first in this series was published in July 1959 and covered July
1957 through December 1958. After this, one in the series was published every quarter
until No. 18—32 for September, October, and November 1966. These Technical Notes
gave, for each frequency and location, the month-hour median value of F, along with
D, and D,, the upper and lower decile values; i.e., the values exceeded 10% and 90%
of the time. The median values of V. and L, were also given. In addition, the corre-
sponding season-time block values were given for the four seasons, winter (December,
January, and February; June, July, and August in the southern hemisphere), spring
(March, April, May), summer (June, July, August), and fall (September, October,
November) and six 4-hr time blocks (0000-0400, etc.).

A method was developed to obtain the APD from the measured statistical moments
V. and L,.*? Later it was shown that for atmospheric noise there is strong correlation
between V, and L., and a good approximation of the APD could be obtained from
V. alone.’? Also, a means of converting the APD from one bandwidth to another was
developed.s* It has since been shown, based on numerous measurements, that this
bandwidth conversion method is strictly valid for only small changes in bandwidth (5
to 1, say).
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In 1963, CCIR Report 322, World Distribution and Characteristics of Atmosphenic
Radio Noise, was published by the International Telecommumeations Umion in Ge-
neva This report (small book, actually) preseats the worldwide predictions of F., Vo
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FIGURE 10. Amplitude probability distribution for a 6-min sample of atmos-
pheric noise recorded at 2.5 MHz in a 4 kHz bandwidth.

and their statistical variations for each season-time block and is based on all the avail-
able measurements to that date, primarily the recording network shown in Figure 14.
The expected APD for various values of V. {1.05 dB for Rayleigh to 30 dB) are also
given along with the expected variation in the APD.

Figure 15 shows Figure 19A of CCIR Report 322. This figure gives F.,. at 1 MHz as
a function of latitude and longitude for the summer season and the time block 2000-
2400. Since this map is for local time, there is a discontinuity at the equator (corre-
sponding to summer being 6 months apart in the northern and southern hemispheres).
World maps of atmospheric radio noise in universal time are also available.®® To obtain
F.., Figure 16 is used to convert the 1 MHz value to any frequency between 10 kHz
and 30 MHz. Finally, the median value of V., V.., and the statistical variations of F,
about its median value F,,, are given in Figure 16. The expected APD for a given V,is
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FIGURE 11 Average positive crossing rate characteristic for the sample of noise of Fig-
ure 10

given 1n Figure 17 Also, numerical representation of CCIR Report 322 1s available
While the uitle of Lucas and Harper says that only HF (3-30 MHz) 1s covered, the
results there will reproduce all of Report 322 This numerical representation 1s also
contained t the ITU HF propagation prediction programs A numerical representa-
tion (computer program) of the APD as a function of V15 also available *

It has been shown that the varation of f, for a given season and time block can be
adequately tepresented by twa log-normal distributions (1 e , dB values normally dis-
tributed), one above the median value and one below Therefore, the varation 1s grven
by F.., D,, and D, This 1s best explained via an example Suppose we want F, and its
vaniation for the summer season, 2000-2400 time block for Boulder, Colo , at 500 kHz
(As mentioned n the previous section, F, 1s independent of bandwidth ) From Figure
15, the 1 MHz F,,, value 15 90 dB From Figure 16 then, the 500 kHz F... 15 102 dB
with D, = 9.0dB, D, = 77dB, 05, = 3 1dB, and o5, = 20dB A value for o, 18
also given (4.7 dB) and is designed to account for the difference between observations
and the results obtarned by the numerical mapping routines that produced CCIR Re-
port 322, to account for year-to-year vanations, and also to account for the expected
vanation 1n the median value when extrapolations were made to geographic areas
where measurements did not exist Figure 18 shows the distribution of F, values estl-
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FIGURE 12. Pulse duration distributions for the sample of noise of
Figure 10.

mated via the data above (F,.., D., Dt, 0p., and op,). On Figure 18, all the measured
values of F, measured at Boulder at 500 kHz will essentially lie between the two dotted
lines with the solid line being the estimate of the distribution of F, for this season and
time block. The op, and o, values account for the year-to-year variation in D, and D,
and also the geographic variation, since only one value of D, is given for the entire
surface of the Earth. Now the value of F, exceeded any percent of time for this season-
time block can be determined.

CCIR Report 322 gives examples of using the noise data to determine the required
signal strength in order for various communications systems to operate according to
some given specifications. What these specifications usually are in order to take into
account the noise (and signal) variability with time and location are covered in the last
section of this chapter.

Summary of Mathematical Models for Atmospheric Radio Noise Processes
In order to be able to determine the optimum receiving system for a given class of
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FIGURE 13 Pulse spacing distsibutions for the sample of noise of Figure
10

signals and analyze its performance, a mathematical model for the random interference
process 1s required That 1s, for optimal system studies and aiso for determiming the
performance of some of the existing suboptimum systems, more mformation about
the interference process 1s required than can generally be obtained by measurement
alone The problem 1s to develop a model for the interference that fits all the avatlable
measurements, 1s physically meaningful when the nature of the noise sources, ther
distributions 1n time and space, propagation, etc are considered, 1s directly relatable
to the physical mechanisms giving rise to the interference, and 1s still simple enough
so that the required statistics can be obtained for solving signal detection problems
While various models have been proposed 1n the past (to be summarized later) that
meet these requirements 1n particular instances, the only general (canonical) model
proposed to date that meets all the above requirements 1s that proposed by Middie-
ton 53

Models that have been developed to date can be categorized into two basic types.
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FIGURE 17 Amplitude probability distnbutions for atmosphenic radio noise for various V,
values *

The first type (and earliest models) are empirical models which do not represent the
interference process itself but which propose various mathematical expressions de-
signed only to fit the measured statistics of the interference The second type of model
1s that which 15 designed to represent the entire random interference process 1self The
majority of these models represents the received interference waveform as a summation
of filtered impulses
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FIGURE 18. The distribution of F, values expected at Boulder, Colo., 500 kHz, for the summer season,
2000-2400 hr.

Most of the empirical models have concentrated on the amplitude probability distri-
bution (APD) of the noise envelope, P(V > Vo). This distribution has been measured
extensively for atmospheric noise (see the bibliography by Spaulding et al.s® which
deals with man-made noise but also contains an extensive section on atmospheric
noise).

The first ‘““model’’ for the noise envelope was the Rayleigh distribution

—aVy?
PV>V,) = ¢

This simply assumes that the interference is Gaussian and was quickly recognized to
be quite inappropriate, since the envelope distribution of atmospheric and man-made
noise exhibits large impulsive tails (€-2., Figure 10).

In 1954, Hesperper, Kessler, Suilivan, and Wells independently proposed the log
normal distribution for atmospheric noise (see Reference 16),

2
. - (logV — log u)
P(V) = ——¢ g

aN2m

This approach gave reasonable approximations to the impulsive tail of the distribution
but did not match the Rayleigh (Gaussian) character of the interference at the lower
amplitude levels.
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Likhter used a combination of two Rayleigh distributions for atmospheric noise

s
PV>V,) = (1~cye—iVe' +ce70Vo

This distribution gave poor agreement with actual data
Also 1n 1956 Watt proposed a variation on the Rayleigh distribution (see Reference
16),

PV>V,) = e ¥

where

x = a,V, +8,V, (0 124 5 v b

b = 06[2010g (Vys/Vaye

This distnibution was designed for atmospheric noise and was claimed to give better

results at high and low probabilities than the previously proposed distributions
Ishuda®® proposed a combination for atmospheric noise,

P(V>V,) = (1-c)e~2Ve + c(log normal distribution)

Nakar® recommended this same combination Ibukun® found good agreement with
some measured data for this log normal, Rayleigh combination
In 1956 Horner and Harwood (see Reference 29) used

2
PV>V,)=s — Y
Vo3 +5%)

to represent the APD of atmospheric noise, and also 1n 1956 the Department of Sci-
entific and Industrial Research of Great Britain proposed the following distribution
(see Reference 26)

PV>V,) =

&

obtamning experimental values for « and r of 2 7 and 1 4, respectively, using atmos-
pheric noise data from Nakay **

Crichlow et al ** represented the APD of atmospheric noise by a Rayleigh distribu-
tion at the lower amphtude levels and a *“‘power’” Rayleigh distribution at the higher
levels

ts
PV> V) =@V ysp

with these two distributions being jomed by a third expression for the middle range of
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amplitudes. These APDs were found to fit data very well over a wide range of band-
widths and are still the ‘‘standard’’ representation for atmospheric radio noise.® Means
of obtaining the distribution for bandwidths other than the measurement bandwidth
was also obtained.*? It has been this empirical representation that has generally been
used in determining the performance of digital systems in atmospheric noise (see Ref-
erence 1 and the bibliography by Spaulding et al.s¢).

Galejs'” used a variation of the Rayleigh distribution

POV>V,) = (1-6)e %Yo 4 56—V,

He reported satisfactory agreement with atmospheric noise data using appropriate val-
ues of the parameters d, a,, and a,. Galejs'® also used a more complicated version for
atmospherics

o= [1-GY -(2)

+ b1 + d 2 —'Sv
2 2 2 28172 =] € °
(Vo' +a%) + Vo (V,? +2a?) a

]‘(73)

Finally, Ponhratov and Antonov*® used a variation of the normal distribution with
mean u to represent the instantaneous amplitude

p(x) =

( 'XIV )
————exp {— , —e <X < oo
22 rHu 2v/2,

with ¥2 <v<1. They found this to be a good approximation for the probability density
of atmospheric noise.

Almost all of the above empirical models concentrated on the envelope of the re-
ceived noise process. Such models, while useful in determining the performance of
“‘idealized’’ digital systems using matched filter or correlation receivers (i.e., those
optimum for white Gaussian noise), give no insight into the physical processes that
cause the interference. Neither can they be used to determine performance of ‘‘real”’
systems which employ various kinds of nonlinear processing nor can they be used in
optimum signal detection problems. Various investigators have developed models for
the entire interference process. The most significant of these models are as follows.

Furutsu and Ishida*® represented atmospheric noise as a summation of filtered im-
pulses and considered two cases: (1) Poisson noise, consisting of the superposition of
independent, randomly occurring impulses and (2) Poisson-Poisson noise, consisting
of the superposition of independent, randomly occurring Poisson noise — each Pois-
son noise forming a wave packet of some duration. They represent the response of the
receiver for an elementary pulse to be

r = r(t,a) cos{wt + )

express this response as a vector and take the summation of n(n random) such vectors.
They obtain, for the envelope amplitude for Poisson noise,

P(V) = j:" AVI, V) O, T) dA
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where the charactenistic function f(&, T) 1s given by

fAT) = exp [»j: at§ dap@{s,on - 1}]

and v 1s the mean rate of occurrence of pulses in the Poisson distibution, T 1s the
total time period of interest, and p(a) 1s the pdf of a They also obtain

-
PV<V,) = V°So 10V,) £, T) dA

Corresponding results are obtained for Poisson-Poisson nosse (v becomes Poisson dis-
tributed) and for second-order distnibutions, 1 e, p(V,, Vi) and [(,, 4;, T) Furutsu
and Ishuda'® proceeded to evaluate P(V <V,) for two ‘‘typical’” cases of discrete and
continuous spatial distributions of sources (using {[A,%]) Their results showed good
agreement with measurements

Beckmann® ¢ developed a theoretical model for the received envelope of atmospheric
noise and related hus results to the number of sources (atmosphenic discharges) and
the properties of the propagation paths from these sources to the receiver He assumed
that the shape of the envelope of an individual atmospheric (attaiming its peak value
E, at time t,) was of the form

) for t>1,

lp ep (—

Up(t) = -t
il
Lp exp (T) for t<t,

The total signal at time t, 1s given as
Oebor Domr 2o
k=1 k=1
where the circumflex accents denote umformly distributed phase vectors, the u, are
atmospherics that have reached therr peak values at times previous to t,, and the s, are

atmospherics that have not yet reached their peak values For any arbitrary time, t
(between two successive peaks), the amplitude 1s

v=ueth

A Poisson distribution 1s assumed for the occurrence times of the atmospherics and a
log-normal distribution 1s postulated for the peak amphitude, E,; 1.e ,

where A 1s normally distributed with mean w and vaniance o* Bechmann’s results from
the above are

Vems = VNcIn(i/Ng) e *#
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where N is the number of discharges per unit time and ¢ = (a + b)/2, and

A% 2 hed bl 2442 2
Pl— > VO = —-——'—-f da f dy —x exp [_ X ¥ — m;ﬁ.) I(J _2_}(3’)
Vrms Neov/2m Vo o y Nc 20 Nc

which reduces for large and small values of V, to

V 2
p( v >vo) ~ L [1_f(‘__)]
Vrms 2 a\/z_

for large V,, and

\% vz
P (V > Vo) = € Vo INC
rms

for small V,, respectively.

These results showed good agreement with measurements and were the first results
which related measurements to the physical properties giving rise to the noise. The
parameter Nc depends on the properties of atmospheric discharges, and p and ¢ are
the mean and variance of the total attenuation, which is determined by the properties
of the propagation path. Beckmann’s analysis, however, gave no consideration to the
characteristics of the receiver.

Hall** applied work on the applicability of a class of ‘‘self similar’’ random processes
as a model for certain intermittent phenomena to signal detection problems considering
LF atmospheric noise. The concept introduced is that of a random process that is
controlled by one “‘regime’’ for the duration of observation, while this regime is itself
a random process. The model that Hall proposed for received impulsive noise is one
that takes the received noise to be a narrowband Gaussian process multiplied by a
weighting factor that varies with time. Thus, the received atmospheric noise x(t) is
assumed to have the form

x(t) = a(®) n(t)

where n(t) is a zero-mean narrowband Gaussian process with covariance function
R.(1), and a(t), the regime process, is a stationary random process, independent of
n(t), whose statistics are to be chosen so that x(t) is an accurate description of the
received atmospheric noise. For a(t), Hall chose the “‘two-sided’’ chi distribution,
x2(m, o), for the reciprocal of a(t), resulting in

mj2
pla) = T2 L exp [——"‘—2?:]

o™I(m/j2) (af™*] a’o

and

1 n?
o = e [ 2]
\/2“,0‘2 20,
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Using the two equations above, Hall found the pdf of the noise to be given by

'@ o
(o) = :—(—’1—1—)1/; m

where y = m*%6,/oand 8=m + 1> 1 For the special case o, = o, p(x) 1s Student’s
“1”"-distnbution Hall terms the above the generalized **t”’-distribution with parame-
ters @ and A Hall shows that € in the range 2 < 8 < 4 1s appropriate to fit measured
data of atmosphenic noise and that 8 = 3 1s appropriate to fit a large body of data at
VLF and LF (Unfortunately, for 8 in the range 2 <8 < 3, x(t) has infinite varniance
and therefore cannot be a model for physical noise, although 1t fits the data very
closely )
Hall then considers the envelope and phase of the received noise,1 ¢,

A = V(D) cos [w,t + 6(8)]
Using
Py, (Vi#) = Vp, 5V cosy, Vsing)

where V = (y* + ¥9)"%, ¢ = tan™ (¥/y), and ¥(t) 15 the Hilbert transform of y(t), Halt
showed that the phase 1s umiformly distributed and that the envelope distribution 1s
given by

- o—1 v

pV) = (8- D7 m

For his model, Hall also obtamns expressions for the average rate of envelope level
crossings and the distribution of pulse widths and pulse spacings The envelope distri-
butions and level crossing rates show good agreement with measurements but poor
agreement with measurements of pulse width and pulse spacing distributions 2* ¢

Hall uses his model to determine the optimum recerver for coherent GN-OFF signal-
ing and analyzes 1ts performance While the Hall model results 1n expressions that are
mathematically simple enough for solving detection problems, the parameters of the
model, 8 and y, have no relation to the physical processes causing the interference

Omura* presented a noise process similar to that of Hall »* He defined

x(t) = A X snw,t+ o)
where
X(t) = alog normal process = eb(t)

where b(t) 15 a stationary Gaussian process with zero mean and autocorrelation Ri(7}
and A 15 a constant to be determined from notse power estimates This results 1 the
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phase being uniformly distributed, and

1 | e (R)
p(AX) = exp {—— | el
o }217 2 a

where 6 = 0,, x. Omura also obtained expressions for the average rate of envelope
level crossings and pulse width and pulse spacing distributions. The model showed
agreement with measurements only at the higher envelope levels. Omura used his
model to calculate the performance of various LF and VLF digital modems.

Giordano®*?! used a filtered impulse model to obtain results similar to Furutsu and
Ishida'® for the envelope distribution of atmospheric noise. He obtained

p(V) = V§  dAHMW I, AV
o

where H(L) is a characteristic function obtained along the lines of Furutsu and

shida’s'® development. Giordano evaluates p(V) for various spacial distributions and
propagation situations. Each such assumption results in a different ‘‘model.’’ One case
of interest that Giordano treats is (1) uniform spatial distribution of sources, (2) field
strength that varies inversely with distance, and (3) arbitrary receiver envelope re-
sponse. The result is a distribution of the Hall*® form, and so Giordano gave a physical
rationale to the Hall model.

Giordano considered numerous other cases of propagation and source distributions
and also developed expressions for the average rate of envelope crossings and pulse
spacing distributions.

Recent work by Middleton®® 3¢ has led to the development of a physical-statistical
model for radio noise. The Middleton model is the only general one proposed to date
in which the parameters of the model are determined explicitly by the underlying phys-
ical mechanisms (e.g., source density, beam-patterns, propagation conditions, emis-
sion waveforms, etc.). The model is also canonical in nature in that the mathematical
forms do not change with changing physical conditions.

As in past models, Middleton’s model postulates the familiar Poisson mechanism
for the initiation of the interfering signals that comprise the received waveform X(t).
The received interfering process is

X(t) = 9, Uj(t,8)
j

where U, denotes the jth received waveform from an interfering source and g represents
the random parameters that describe the waveform scale and structure. It is next as-
sumed that only one type of waveform, U, is generated with variations in the individual
waveforms taken care of by appropriate statistical treatment of the parameters 8.

With the assumption that the sources are Poisson distributed in space and emit their
waveforms independently according to the Poisson distribution in time, the first-order
characteristic function of X(t) is obtained in a manner similar to the analyses of Fu-
rutsu and Ishida' and Girodano.?®-?' These investigators have made various assump-
tions for the distributions required to perform averages needed to obtain a character-
istic function that could be transformed to obtain the corresponding probability
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density function Each different assumption, of course, leads to a different model
(mathematical form) A umgque approach of Middleton’s model 1s to develop expres-
sions for the transform of the characteristic function without performing these aver-
ages exphaitly, thereby obtaimng a canontcal model

For atmospheric noise, the results are for the instantaneous amplitude

=

= EN™ mofmatl me 1
P Sear(m) o (-Fe)

m=0

where ,F. 15 a confluent hypergeometric function The model has the two parameters
o« and A, Both these parameters are intimately involved in the physical processes caus-
ing the interference That 1s, the model 15 sensitive to source distributions and the
propagauon law Specifically,

-2y
o=

, 0<a<2

where source density ~ 1/A%, and propagation law ~ 1/1", where 1 denotes distance
The parameter A, includes the parameter a and other terms depending on the physical
mechamsms The normalization 1n the above 1s to the power in the Gaussian portion
of the distribution, since as with the Hall** model or the Furutsu and Ishida’® model,
we obtain infinite variance for some values of the parameters a and A, For the case
a = 1, p(x) reduces to a distribution of the Hall form (A more complete model*s ¢
exists which does not have this infinite variance problem, 1 ¢ , a model for which all
moments exist }
The corresponding results for the envelope APD are

2 N (1)
PV V) = eV |:1-v,‘ > e A'"xr(“ﬂ)
m! « 2

m=1

(-5

While the Middleton model 1s somewhat more mathematically complex than others,
1t still can be (and has been) used with good success to develop optimum receiving
systems and analyze the performance of existing systems (e g , see Reference 59)

EFFECT OF ATMOSPHERIC NOISE ON SYSTEM PERFORMANCE

Introduction

Here we want to bnefly discuss the wide variety of interference effects atmosphernc
noise (or similar forms of impulsive noise) has on system performance In the next
sectron, we give a broad overview or summary of known effects of atmospheric nose
on communication systems, primarily digital, but with some measured results for an-
alog voice systems included After that vanious means of improving system perform-
ance 1n impulsive notse are covered.

General Effects of Atmospheric Noise on System Performance
Until recently, most analyses of communication systems have been based on the
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additive, Gaussian noise channel. It has long been recognized that in most communi-
cations situations the additive noise is not Gaussian in character, but rather it is im-
pulsive in nature. Many investigators have studied the effects of impulsive broadband
noise on digital communication systems (see the bibliography by Spaulding et al.s
which lists some 315 references pertaining to system performance in impulsive noise).

For digital signaling, the receivers in general use are those designed to be optimum
(minimum probability of error) in white Gaussian noise (usually termed matched filter
or correlation receivers). The early work analyzed these receivers in impulsive atmo-
spheric noise by following the steps of the Gaussian analysis but using the appropriate
distributions of the atmospheric noise.

Following Montgomery,%” we have the following results for any arbitrary additive
noise which is independent from one integration period (bit length) to the next and
which has uniformly distributed phase. For the symmetric binary NCFSK (noncoher-
ent frequency shift keying) system, the probability of a bit being in error is given by
one half the probability that the noise envelope exceeds the signal envelope, and for
symmetric binary CPSK (coherent phase shift keying), the probability of an error is
given by one half the probability that the quadrature component of the noise envelope
exceeds the signal. While Montgomery’s result for FSK is in terms of the noise and
signal envelopes at the input to an ideal discriminator, it has been shown®® that the
result is also directly applicable to most common FSK receivers (bandpass-filter, dis-
criminator receivers and matched-filter, envelope detection receivers). Using the above,
Conda'! has given results for NCFSK for the entire range of atmospheric noise condi-
tions likely to occur and for a wide range of flat fading signal conditions. Shepelavey®!
and Spaulding®® have given results for impulsive noise for the CPSK binary system.
The CFSK binary system has the same error characteristic as CPSK with a 3 dB shift
in §/N ratio; that is, a given error rate requires a 3 dB greater S/N ratio for CFSK
than for CPSK. Here S/N ratio is the ratio of the energy per received signal to the
noise power density. In the bi-phase DCPSK (differentially coherent phase shift key-
_ing) system, the receiver compares the phase ¢ of a noisy signal with a reference phase
$ to decide whether the corresponding pure-signal relative phase y was O orn (p = 0
is selected if |¢ — ¢| < n/2, and yp = n otherwise). The reference phase is obtained
from the previously received signals; usually it is just the phase of the pr_e;vious signal.
Thus the analysis of this system is complicated by the fact that both ¢ and ¢ are affected
by noise. This system also has adjacent symbol dependency, and, therefore, the occur-
rence of paired errors and other error groupings cannot be obtained easily, even with
independent noise. Halton and Spaulding®* have given results for this system, including
the occurrence of various groupings or errors.

In general, the resuits of such analyses for suboptimum receivers (i.e., those designed
to be optimum in Gaussian noise) correspond to experimental observations and can
be summarized as follows:

1. For digital systems and constant signal, white impulsive noise is much more
harmful (causes more errors) than Gaussian noise of the same energy at the
higher S/N ratios, while Gaussian noise is more harmful for the lower §/N ratios.
This is illustrated by Figure 19 which shows the APD for a sample of atmospheric
noise (see Figure 10) along with the probability of binary bit error for a CPSK
system with constant signal. Since the noise distribution is given relative to its
rms level, the ordinate scale can also serve as a S/N ratio scale. Gaussian noise
is also shown for contrast. By presenting the error rate characteristic jointly with
the APD, it is easy to see how the impulsive nature of atmospheric noise effects
system performance. Figure 20 shows the probability of character error for a
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four-phase DCPSK system for various atmospheric noise conditions (given by
Vo)

When the signal 1s Rayleigh fading, Gaussian noise 1s more harmful at all S/N
ratios For diversity reception, however, mmpulsive noise 1s again more harmful
at higher S/N ratios For diversity reception, impulse noise, and Rayleigh fading
signal, the degree of statistical dependence between the noise on the different
diversity branches has a relatively minor effect on system performance for low
order of diversity For nondiversity operation of a binary system with Raylesgh
fading signal, the error probability for a large S/N ratio 1s essentially independent
of the additive noise statistics Other flat fading situations {e g , log-normal fad-
mg) do arise for which impulsive noise will cause more errors than Gaussian notse
at some S/N ratios Figure 21 illustrates some of these results using a binary
NCFSK system for example

For analog voice systems, impulsive noise 1s less harmful than Gaussian nose in
the sense that understandability can be d at much lower S/N ratios,
although the impulse interference 1s quite bothersome Figure 22°° shows an ex-
ample for AM votce n atmospheric noise

In addition to the above additive notse and flat fading signal effects, systems are
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FIGURE 20. Probability of character error for a range of atmospheric noise conditions (V)
for constant signal for a 4-phase DCPSK system.

also subject to multiplicative noise. This form of signal distortion is sometimes
termed frequency selective fading. In digital systems, the effect of mulitiplicative
noise is generally to produce a P, threshold; that is, a value of P, which cannot
be lowered by increasing signal power. For examples of this phenomena, sce Wat-
terson and Minister.%*

In general, the studies and example-results above obtain a single number (e.g., error
rate) to describe the system performance. A long-term average, such as error rate,
gives a good measure of the performance of a system only if we are dealing with sta-
tionary noise and signal processes (Gaussian noise and constant signal, for example).
Since atmospheric noise is is a nonstationary random process and the signal processes
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are also, 1o general, nonstationary, information 1n addition to the error rate (or a
similar measure for analog systems) 1s required to specify the performance of a given
system

It has become common to give two additional measures the percentage of time a
given error rate or better will be achieved (termed time availability) and the probability
that a given system will achieve a spectfied time availability and error rate {termed
service probability) The service probability 1s designed to account for the probable
errors m the prediction of noise and signat distributions, antenna gaimns, and the like
These concepts are 1illustrated n the following quantitative defimtion of detrimental
interference detrtmental interference will exist for a particular receiving system when-
ever the available power of the wanted signal at the receiving antenna terminals 1s less
than the operating threshold of this receiving system, corresponding to a specified
required grade of service, g., for the specified required fraction, g., of some specified
period of trme, T (see Reference 9) This quantitative defimtion of detrimental inter-
ference depends on the quantitative speaification of g,, q,, and T The determination
of the grade of service, g, depends on the detailed statistical characteristics of the
desired signal and the noise environment An example of grade of service 1s given by
aP,vs S/N ratio characteristic The determimation of the fraction of time, g, depends
on the long-term changes 1n the destred signal and the nose, since 1n general both of
these random processes are nonstationary

NNote further that both the avarlable power of the wanted signal and the operating



Volume I 323

00— I | T ] |

| Pre~1F Limiting

80

Gassian Noise
(Vg =1.049 dB)

No Limiting
60—

40+ Atmospheric Noise
V4= 1208

3 kHz Bandwidth AM

/4—Post Detection
/ Limiting

Word Articulation Score (%)

20

1
-18 -i2 -6 0 6 2 18 24 30 38 Q2

Carrier -to - Noise Ratio (dB)

FIGURE 22. Comparison of performance of AM voice system in Gaussian and atmo-
spheric noise (V, = 12).%°

threshold power of the receiving system are predicted values, and, as such, are subject
to error.

Assuming that the errors of prediction are known (statistically), it is possible to
determine a service probability, Q(g,, q,, T) (statistical confidence factor), that service
of a specified required grade, g,, or better, will be available for a specified required
fraction, q,, of the specified period of time, T; i.e., will have a “‘time availability’’ of
qT equal or greater than its required value, q,T. It is also possible to define an inter-
ference probability P(g., q., T) = 1 — Q(g., q,, T). Note that the service probability
and interference probability are simply numbers between 0 and 1. Finally, detrimental
interference may be said to exist at the antenna terminals of a particular receiving
system if the service probability Q(g., q., T) is less than some specified value (e.g.,
0.95). Once an error rate or like measure has been obtained, examples of obtaining

the time availability and service probability are given in the references (e.g., References
8 and 9).

Means of Improving System Performance in Impulsive Noise

As shown above, impulsive atmospheric noise can cause serious systems degrada-
tion, especially when ‘‘normal’’ communication systems are employed (i.e., those de-
signed for Gaussian noise). In view of this, recent emphasis has been on the application
of various ad hoc nonlinear processing, designed to make the additive noise more
Gaussian in character so that the existing receivers would be better matched to the
interference, thereby improving performance. These techniques take the form of hard
limiting, hole punching, and ‘‘smear-desmear”’ filtering. The analysis of the effective-
ness of such techniques now requires appropriate mathematical models of the interfer-
ence process. Bello and Esposito®¢ use the now-customary model in which the noise
takes the form of a summation of filtered impulses, the arrival times of the impulses
being Poisson distributed. Bello and Esposito evaluate error rates for PSK and DPSK
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with and without hard-limmiting In their analyses, the impulses are assumed to be non-
overlapping Ovchinmikov** and Richter and Smuts*® present analyses which include
the intermediate case where impulses overlap but not so frequently as to approach
Gaussian noise Richter and Smuts*® also evaluate the case of ‘‘smear-desmear’’ filter-
mg, which 1s shown to be helpful at high S/N ratios and harmful at low S/N ratios
A quite extensive analysts of system performance 1n atmospheric noise when limiting
1s employed has been given by Gamble '* Signal design techniques to combat mmpulsive
noise have been given by Siver and Kurtz ** A useful general analysis has also been
given by Fang and Shimbo **

While the various kinds of nonliear processing mentioned above can be quite help-
ful 1n 1mproving system performance, they generally are quite wasteful of spectrum
(1 e, time-bandwidth product) Recent studies have also been concerned with devel-
oping optimum detection algorithms for impulsive interference — that 1s, designing
receivers that match the interference rather than attempting to change the interference
to match some particular type of receiver In order to obtamn improvement using any
techmque, the time-bandwidth product must be expanded over that normally required
by the Gaussian recerver in Gaussian noise However, the optimum or near optimum
detectron techmques require a much smaller ime-bandwidth product expansion than
do the various ad hoc techmques

The first such optimum receiver was that proposed by Hall ** Hall termed his opti-
mum recetver for broadband impulsive noise a *“‘log correlator’” recewver Figure 23
shows the optimum performance compared to the performance of a *‘standard’’ CPSK
receiver for a range of atmospheric noise conditions On Figure 23, the ime-bandwidth
product 1s denoted 2TB and 1s 500, compared to the normal time-bandwidth product
of 1 for a binary CPSK system The atmospheric noise to be combated 1s received 1t a
bandwidth of 4 YHz (three examples shown), but the effective noise bandwidth 1s 8
Hz, achieved by using S00 times as much time as “‘normal’’ to detect a given binary
bit The performance of the matched-filter receiver for this situation 1s shown along
with the performance of Hall’s log-correlator receiver for the same situzation (m 1s a
parameter 1n the Hall model and was defined 1n the previous section) Also shown 1s
the standard performance of a matched-filter recerver in Gaussian noise (for a time-
bandwidth product = 1) Note the rather large savings in time-bandwidth product
and/or signal energy that can, theoretically, be achieved

Much recent work has been centered on obtaiming optimum threshold receivers, that
1s, recesvers which approach optimality as the signal becomes small In this situation,
1t 1s possible to derive a canonical recerver structure, meaning a structure which 1s
independent of the particular additive notse distribution The general result which has
been obtained by numerous investigations 1s that the optimum threshold receiver for
both coherent and incoherent signals 1s the same recerver that 1s optimum for Gaussian
notse but preceded by a particular nonhnearity This nonlinearity 1s given by the deriv-
ative of the loganthm of the probability density function of the instantaneous ampl-
tude of the interference process (See, for example, Reference 2 ) It should be noted
that this nonlinearity does not *“Gaussianize’’ the noise Kushner and Levin®® and Ri-
bin*? have shown that these canonical threshold recetvers are asymptotically optimum
That 15, as the decision time becomes mfinite and/or the signal becomes vanishing
small, the threshold receiver yields a probability of error no larger than that obtamed
by any other receiver Nirenberg®? has shown that the threshold results extend to M-
ary digital systems, that the receiver 1s independent of the signal fading characteristics,
and that, if the desired signal contamns desired amplitude modulation, the threshold
receiver takes a more complicated form, requining additional nonlinear processing
The threshold results have been extended to narrowband non-Gaussian noise by Za-
chepitsky et al # and to cases where the observational data represent a sequence of
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FIGURE 23. Comparison of the performance of an optimum receiving system for atmospheric noise with

the performance of a standard matched filter receiver for constant CPSK binary signals for a range of noise
conditions.

quantized random quantities by Levin and Baronkin.?* Spaulding and Middleton*®®
have derived and analyzed the performance of threshold receivers for a wide range of
system types. In addition, Spaulding®® has analyzed optimum threshold detection using
both time and spacial sampling.

These optimum receivers are required to be adaptive. They must be able to change
themselves to match the changing noise environment. This complicates the receiver
structure so that, in addition to the basic receiver, there must also be equipment to
estimate the required noise parameters. Nirenberg*? has treated this problem for the
Hall receiver; and Griffiths,?? Valeyev,®? and Valeyev and Gonopol’sky*? have attacked
the estimation problem for threshold receivers.
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INTRODUCTION

Electromagnetic noise can be defined as ‘‘all electromagnetic energy from both -
tentional and unintentional radators, except the desired signal for a speaific system
of nterest *’* 2 Such noise (a cause) should not be confused with interference (an ef-
fect), which 1s the degradation that the noise can cause to the performance of a tele-
commumcations or an electromc system ? Other terms used in the Iiterature for man-
made radio noise include 1ncidental noise, unintentionally generated radio nosse, etc

There 15 a large body of Iiterature on man-made electromagnetic noise The Inter-
national Union of Radio Science (URS]) has produced trienmal reviews and occasional
summanes (¢ g , References 4 through 8), and the International Special Committee on
Interference (CISPR) has given considerable attention to the allowable radiation limits
for specific sources of noise ' ’* The International Radio Consultative Committee
(CCIR) has produced a report on environmental noise '* The Joint Technical Advisory
Committee of the Institute of Electrical and Electronics Engineers (IEEE) and the Elec-
tronic Industries Association (EIA) considered radio noise as it impacts on the use of
the spectrum '* Spaulding has discussed the problems associated with man-made noise
and 1 ded steps for sol m the U 8 ** Two recent books have been de-
voted almost entirely to man-made notse '€ 7 These publscations, and the references
therein, when combined with a bibliography by Spaulding, Disney, and Hubbard,*®
cover the major work on man-made noise published through 1980

The composite electromagnetic noise environment observed (or observable) by a
given recetving system at a given tume and location can arise from various categories
of natural and man-made sources (see Figures 1 and 2) This chapter will discuss the
noise from man-made sources

SOURCES OF MAN-MADE NOISES

The intended coherent radiatron from intentional radiators produces the largest elec-
tromagnetic fields The density of intentional radiators 1s highly correlated with pop-
ulation density '* 7 Janes, et al *° ** have measured the integrated power density levels
mn the band 54 to 900 MHz at 72 locauons in the U § urban areas and found that the
ntegrated power density levels (including that of subbands) were log-normally distrib-
uted with a median of 0 03yW/cm? The FM band (88 to 108 MHz) had the largest
median (1 3 x 10~2uW/cm?), the high VHF-TV band (174 to 216 MHz) was next highest
{29 x 10°uW/cm?), followed by the UHF-TV band (470 to 806 MHz) with 21 x
107uW/cm?, the low VHF TV band (54 to 88 MHz) with 1 7 x 1073uW/cm?, whereas,
the land mobile bands (150 to 182 MHz, and 450 to 470 MHz) were the lowest with
2 8% 10%W/cm? In addmon to their desired ermissions, such powerful transmtters
can radiate broadband noise,?* harmonics, and other unintended radiation, and they
can cause problems to nearby receivers such as desensttization, adjacent channel mnter-
ference, and intermodulation products ** 2

Unintentional man-made radiators also contribute to the compostte electromagnetic
environment Table 1 summarizes some of the primary categornies of such radiators
The level of radiation from these equipments and devices 1s typically much less than
the levels from intentional radiators Figure 3 15 an example of the relanve contribu-
tions to the composite noise environment at 155 MHz as observed with a scanming
recetver with memory ' 24 2 Notice the relative contributions of the land-mobile trans-
mutter and the ignition nowise This 3-dimensional display of amplitude vs frequency
and time 15 a useful way to observe the short-term variability and complexity of the
environment (see also References 17 and 25 for numerous other examples of the 3-
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COMPOSITE
ELECTROMAGNETIC
NOISE {EMN)
ENVIRONMENT
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| 1
MAN-MADE NATURAL Lightning,
SOURCES SOURCES [+ 3™
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Specific | ]

System of |- Power Lines,
Interest | INTENTIONAL UNINTENTIONAL | «—] 'gnition Systems,
Al RADIATORS RADIATORS Electrical Machinery,

Other Etc
Systems

FIGURE 1. Basic categories of sources contributing to the composite
electromagnetic noise environment. (After Hagn, G. H , Defimitions and
Fundamentals of Electromagnetic Noise, Interference, and Compatibil-
1ty, No. AD-A-018980, National Technical Information Service, Spring-
field, Va., 1975.)
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b — N d
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Quantizing Noise | 1
UNINTENTIONAL INTENTIONAL cosMIC SOLAR
RADIATORS RADIATORS {GALACTIC)
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Igmition Systems, ATMOSPHERIC TERRESTRIAL
Industrial Processes, {Excluding {Thermal)
Electrical Apphances, Thermal)
; 1
| 1 Lightning, Land, Sea,
Corona Atmosphere
UNINTENDED INTENDED
RADIATION RADIATION
Harmoncs, Undesired
Transmitter Noise Signals

FIGURE 2. Detailed sources of the composite electromagnetic noise (EMN) environment. (After Hagn,
G. H., Definitions and Fundamentals of Electromagnetic Noise, Interference, and Compatibility, No. AD-
A-018980, National Technical Information Service, Springfield, Va., 1975.)

dimensional “‘signatures’’ of specific sources). Let us now consider these unintentional
sources that contribute to the ambient noise levels observed on signal-free radio chan-
nels.

The list of potential incidental radiators (Table 1) which can cause interference is
very great (see also References 16 and 17). Frequently, the closest noise source to your
receiving antenna will dominate the ambient level while it is operating. It is possible
to identify specific sources which make major contributions to the noise background
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Table 1
CATEGORIES OF UNINTENTIONAL RADIATORS

Overhead power transmesston and distribution lines

Igmtion systems (e g , automotive, awrcraft, small engines, etc )

Industrial fabnication and processing equipment (including arc welders)

Efectric motors and generators

Electric buses and trains {(excluding their power lines)

Contact devices (¢ g , thermostats bells, and buzzers)

Electrical control, hings, and converting (e g . SCRs, and ac/dc converters)
Medical and scientific apparatus

Lamps (¢ g , gaseous discharge devices and neon signs)

Various electrical products games and

ll .,'}; ‘Y'l"Hr JP"‘IV")\

15477 15577 156 77
FREQUENCY — MHz

Intentional Radiator
{Land-Mobite Transmitter}
/ Unintentional Radiator

{Vehicte Ignition System)

@
3

120

n
3

AMPLITUDE — dB

3
&

FIGURE3 Examples of contributions (o the composite electromag-
netic by and radiators (After
Vincent, W R [EEE Trans EMC, 19(3), 241 1977 Copynght 3
1977, IEEE With permussion )

by noting verified complaints (e g , Reference 26) or by correlating their characternsttcs
with observed ambient levels Since we are dealing with man-made noise, let us first
consider the correlation of the composite man-made noise level with population density
before addressing its measured correlatton with specific electromagnetic sources It
seems reasonable that man-made noise levels should correlate, at least broadly, with
population 1n urban areas '* Allen?” presented data relating quasi-peak field strength
values neasured at street level to urban population He computed the probabiity of
various levels being exceeded at 1 MHz as a percentage of locations 1n an urban area.
This was done over a population range from 10° to 10¢ persons Although Allen re-
ported a gross correlation between population and noise levels, attempts to correlate
average noise power levels with population density, as measured on a finer scale 1
U S Census Bureau standard location areas (SLAs) of 1 to § square miles, have not
been successful ** Spaulding?” investigated the relationship between population density
and average noise power spectral density, F., in decibels above kT, 1n signal-free chan-
nels 1n the band 250 kHz to 48 MHz In the population density range of 1,000 to
25,000 per square mule (San Antomo, Texas) he found no significant correlation be-
tween the average population density of an SLA and the average values of noise level
taken at several locations within the SLA (see Figure 4) Correlation on a finer scale
(down to an individual city block) has not been attempted
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FIGURE 4. Regressionof 5.0 MHz F,, with log
population density. (From Spaulding, A. D.,
IEEE 1972 NTC Record, IEEE Cat. No.
72CHO601-5-NTC, 1972, Copyright © 1972,
IEEE. With permission )
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FIGURE 5. Linear regression of the mean of F, values along
a thoroughfare (F..) vs. log hourly traffic count along the tho-
roughfare at 48 MHz (26 thoroughfares). (From Spaulding, A.
D., IEEE 1972 NTC Record, IEEE Cat. No. 72CH0601-5-
NTC, 1972. Copyright © 1972, IEEE. With permission.)

Spaulding et al.,?® Disney,*® Spaulding,?” and Spaulding and Disney** did find sig-
nificant correlation between vehicular traffic density and average noise power spectral
density (Figure 5), especially for frequencies above 20 MHz (Figure 6). Data taken
later than those in Figure 6 indicate that the correlation remains high between 50 and
250 MHz. Therefore, it seems reasonable to conclude that vehicle ignition systems will
be potentially important sources of interference to radio systems operating above 20
MHz, especially near roads. In rural areas remote from power lines and other sources,
automobiles, gasoline-powered tractors, snowmobiles, etc. may be dominant noise
sources below 20 MHz.

Overhead power lines are known to be an important source of man-made noise be-
low 15 to 20 MHz. Spaulding and Disney,*! reported relatively good correlation be-
tween electrical power consumption in an area and the root mean square (rms) value
of the radio noise below 20 MHz. They noted, however, that information on local
power consumption in the U.S. is difficult to obtain. Overhead lines also can be im-
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portant above 15 MHz*? and the nterference to television from power lines has been
discussed (e g , References 33 to 35) Let us now consider 1n more deta! the techmcal
charactenistics of the noise from power hines and automobiles and some other specific
sources

Power lines can be categorized by their function (power transmission or distrnibu-
tron), which determines their operating voltage and the mechanisms by which they
produce radio noise under normal operating conditions In general, the lower-vollage
distnibution and transmssion hnes (below about 70 kV) produce noise from varjous
types of discharges i gaps, while the higher-voltage transmission hines (110 LV and
higher) generate noise by various kinds of corona * The high rate of current rise trans-
forms to a broader spectrum for gap noise than for corona noise, as observed with
peak detectors®” and with quasi-peak detectors (see Figure 7} ‘The low-voltage lines
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MEASUREMENT ANTENNA s
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FREQUENCY — kHz
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FIGURE 8. HVDC line noise, antenna breakdown noise, and Loran-C signals. (From Vincent, W. R.,
IEEE Cat. No. 80, CH1538-8-EMC, 1972. Copyright © 1972, IEEE. With permission.)

may also radiate noise resulting from switching transients and other effects and from
devices connected to the lines.(See Table 1.)

High-voltage DC transmission lines are coming into use.*® Annestrand®® points out
that noise is generated at the converter stations, which then propagates on the lines.
Vincent* has been studying this noise, and he has observed that corona from the meas-
urement antenna can be a problem (see Figure 8 where noise on a 9-ft rod was observed
at 15 m with a 3 kHz bandwidth ), This only adds to the problems regarding noise
measurements already noted by Hubbard.*'

The noise from power lines is greatly influenced by the weather and by the state of
maintenance of the line. Fair-weather noise levels measured by using peak and quasi-
peak detectors have been reported in the literature of the IEEE Power Engineering
Society. Indeed, most of the measurements of power-line noise reported in the litera-
ture have been made by using quasi-peak detectors, although some data on powerline
noise measured with peak and average detectors are available. Measurements made
with an rms detector are not generally available in the literature,** but some data of
this type were given by Disney and Longley** and Spaulding and Disney.?' Figure 9
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presents median values of average noise power spectral density data obtamned 1n the
near field by several investigators at MF, HF, and VHF with rms detectors Vertical
monopole antennas were used, the antennas were positioned directly under the line,
with the exception of the 15-kV/16 67-Hz line One of the most interesting observa-
tions 1s that the 115-kV lines were nosser than the lines with higher or lower operating
voltage The absolute calibration 1s only approximate, however the relative calibranon
1s *3dB At any given frequency, the difference between measured medians for the
noisiest and the quietest hine was about 30 dB for these farr weather data Pakala and
Chartier”’ stated that noise increases of 17 dB on a quasi-peak meter were likely dunng
rain They observed that, 1n 60% of therr measurements, those made with horizontally
polanized dipoles produced greater noise than those made with vertically polarized di-
poles The differences ranged from 0 to 10 dB over the frequency band 15 kHz to 10
GHz The IEEE®* indicated ncreases of 15 to 25 dB during foul weather and subse-
quently*® indrcated increases of 20 dB during bad weather Data on radio interference
(RI} levels (1 e, data at about 1 MHz) taken on a Bonneville Power Admmistration
345-kV line between May 1965 and May 1966 (Figure 10) show an average RI level
durning rain of approximately 20 dB above that shown during clear weather, while
during snow the average level was nearly 26 dB higher than the clear-weather level ¢
Forrest*® pointed out that ‘*defect’’ noise on lower-voltage (11- to 66-kV) hnes, caused
by sparks and microsparks, tended to determune the fair-weather RI levels above 10
MHz He noted that wet weather could cause RI increases of 5 to 15 dB i the band
100 kHz to 10 MHz, due to corona on lines above 100 kV, while causing RI levels
above 10 MHz to decrease, due to the shorting out of arcing gaps Lauber®® and Lauber
and Bertrand* have reported on power line amplitude probability distributions (APDs,
see also Reference 51) The IEEE®? has just completed an excellent summary of the
technical aspects of power line noise pertinent to establishing imits on this important
noise source

Igmtion noise 1s generally found wherever automobules or other vehicles using spark-
mtiated power systems (e g , trucks, boats, awrcraft, and snowmobiles) are used The
sources of ignition noise nclude the distributor, spark plugs, and generator Typically,
m a given frequency band, one of these 1s the domnant source This noise 1s ughly
mmpulsive and spreads over much of the frequency spectrum A the low end of the
spectrum (below about 20 MHz), 1gnition noise 1s generally believed to be exceeded by
power-line notse when both sources are present The actual lower limit will, of course,
be determined by specific situations, including the density of automobile traffic and
the proximuty of power lines The high frequency hmit to the automobile 1ignition noise
spectrum has not been as well studied Generally, instrumentation capability or tnves-
tigator interest tapers off before the estabhishment of a clear upper lmit Increased
traffic intensity associated with the rush hour in the U S commonly produces noise
spikes 30 to 40 dB above the recetver noise 1 2 100-kHz bandwidth at 1 2 and 2,9
GHz for a 30 dB noise figure receiver (spectrum analyzer)

The APDs of three vehicles measured in an 8 kHz bandwidth®® are shown in Figure
11 and single-vehicle APDs (averaged over four vehicles) are shown in Figure 12 as a
function of recetver bandwidth 3 Note the change in the shape of the APD in Figure
11 as a function of engine speed Shepherd et al®* have also surveyed a vehicle popu-
fation using a spectrum analyzer {peak detector) 10 measure imputse feld strength {see
Figure 13) This survey was extended at 50 MHz and 153 MHz to include over 10,000
vehicles in the U S 7 Figure 14 shows the distribution of notse levels observed at 10 m
using the procedures of the Society of Automotive Engmeers (SAE)* as applied
to passing vehicles Figures 15 and 16 show similar distributions vs vehicle type and
country of ongin (for non-U S vehicles), respectively Other sources of noise have
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FIGURE 10 RI distibution, percent of time Rl level
equals or exceeds ordinate (From Baley, B M and
Belsher, M W , IEEE Trans Power Appar Syst , 87(4)
1968 Copynght i<, 1968, IEEE With permussion )
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FIGURE 11  APDs of three vehicles, nght side at 10 m, 24 11 MHz, 8 kHz nowse bandwidth (From
Shepherd, R A, IEEE Trans Vehi Technol , 23(3), 1974 Copyright © 1974, [EEE With permussion }

also been studied® but they will not be discussed further here (see References 16,
17, and 44)

EXAMPLE MEASURES OF MAN-MADE NOISE

Due to the variabihty of man-made noise 1t 1s necessary to treat 1t statistically The
notse envelope statistics discussed 1n the chapter, “High Frequency Radio Noise,* for
describing atmospheric noise are equally applicable to man-made noise  These statistics
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FIGURE 12. Single-vehicle APD data (average of
four vehicles). (From Schultz, R. B and Southwick,
R. A., IEEE Electromagnetic Compati bility Symp.
Record, 74CH0803-7EMC, 1974, 50. Copyright ©
1974, IEEE. With permission.)

include the rms voltage, the average voltage (and V, the dB difference between rms
and average) and the various distributions (e.g., APD). The quasi-peak (qp) voltage,
measured by passing the noise envelope waveform through a circuit with a very short
charging time and a long discharge time and averaging the output, has been used by
CISPR workers and others. For power line noise the gp meter typically reads about
10 to 15 dB higher than an rms meter (Lauber, 1980). Under certain circumstances the
relationship between the qp and rms values of a given envelope observed in the same
bandwidth can be computed for random noise,* but in the general case no analytical
relationship exists. Another measure used is the peak voltage (for the period, T).

Examples of the APD, ACR, PDD, and PSD (sce the chapter by Spaulding on At-
mospheric Noise for definitions) for the magnetic field strength of man-made noise in
a coal mine are given in Figures 17 to 20°*%* for comparison with Figures 10 to 13 in
the Spaulding chapter.

As previously mentioned, the 3-dimensional display of amplitude vs. frequency a.nd
time is most descriptive of the details of the noise variation. The narrow band scanning
receiver approach used by Vincent®® and the broadband Fourier transform approach
of Bensema®® are both most useful.

EMPIRICAL PREDICTIONS OF THE COMPOSITE NOISE
ENVIRONMENT FROM INCIDENTAL RADIATORS

Spaulding and Disney®' have discussed two methods of predicting man-made rad¥o
noise average power levels. One method is based directly on past measurements in
specified environments; the other depends on the correlation of past noise measure-
ments with some predictable parameter(s) of the environment (e.g., traffic den.sny for
frequencies above 20 MHz). Skomal’® has developed empirical formulas for noise level
vs. frequency and distance from the center of a metropolitan area measured along or
above the surface of the Earth. Vincent®* observed ‘‘hot spots’’ and “‘cold spots’’ in
the Los Angeles area at 100 kHz and observed that noise levels than the do.wntOWﬂ
area (with mostly underground power lines) were lower than in the surrounding area
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FIGURE 14. Ignition noise distributions of the U.S. vehicle population in mid-1977-developed from Re-
gional Distributions. (From Shepherd, R. A., Gaddie, J. C., and Bell, P. J., Electromagnetic Radio Statistics
at 50 MHz and 153 MHz of the United States Vehicle Population, SRI International, Menlo Park, Calif.,
August 1977. With Permission.)

— in contrast to Skomal’s model which predicts contours of levels decreasing with
distance from the center of the city. In some cities, it is difficult to specify a central
reference location in order to use Skomal’s model at the shorter distances.

Let us consider now Spaulding and Disney’s first prediction method. This method
which assumes that the behavior patterns noted at “typical’’ locations will be the same
at similar locations in the future. Analysis of the available data base for each category
of location (i.e., each type of environment) will then provide the estimates of the man-
made radio noise conditions to be found at other locations in the same category of
environment. The user must determine the category that best describes the location
for which he desires to predict the noise Jevel, and he must make modifications if he
uses a different antenna or detector than the ones used to generate the predictions.

Spaulding and Disney®' used essentially the same measurement system with an rms
detector to obtain data in the band 250 kHz to 250 MHz with a short vertical antenna
near ground at various sites in the U.S. Over 300 hr of data were obtained simulta-
neously on ten frequencies over the period from 1966 through 1971 in six states and
in the District of Columbia. Three environmental categories were defined: rural, resi-
dential, and business. Rural areas were defined as locations where land usage is pri-
marily for agricultural or similar pursuits, and dwellings are no more than one every
five acres. Residential areas (urban or suburban) were defined as any area used pre-
dominantly for single or multiple family dwellings with a density of at least two single
family units per acre and with no large or busy highways nearby. A business area was
defined as any area where the predominant usage throughout the area is for any type
of business (e.g., stores and offices, industrial parks, large shopping centers, main
streets or highways lined with various business enterprises, etc.).
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These results were analyzed statistically, and the least-squares fit for F..., the median
values of F,, for each environmental category 1s reproduced as Figure 21 The slope
with frequency was found to be —27 7 dB/decade for each environmental category (at
the 95% confidence level) The equations for F,,, in dB(kT,) for each category are
rural, F,. = —27 7 logiofus. + 67 2, resrdential, F... = ~27 7 logiofss. + 72 5, busi-
ness, Fo. = —27 7 logiofmu. + 76 8 The other man-made noise prediction shown 15
for a quiet rural location ** F.,, = =28 610g,sfun. + 53 6 These quiet rural predictions
are typical of the lowest levels at sites chosen to ensure a mimimum amount of man-
made notse Data are also given for urban parks and college campuses F,. = —277
logiofun. + 69 3, although the same sample s1ze was smaller for this case For compar-
1son, the curve for galactic noise 1s F,.. = =23 0 logiefmn. + 52 0 These results have
been adopted by the International Radio Consultative Commuttee'® as the best avail-
able estimates for use worldwide

These man-made noise data are daytime values At mght these 20- to 50-MHz fevels
can drop 5 to 10 dB to 2 mmmum around 0400 hr, and at 100 MHz and 250 MHz
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they can drop 3 to 5 dB. At the lower frequencies in the HF band the night levels are
frequently controlled by atmospheric noise from lightning, and the man-made levels
cannot be observed (see Figure 21). The diurnal variation decreases for the MF pand
and is again only 3 to 5 dB at 0.25 MHz, with values at night being slightly higher
than during the day. ) s
Let us now consider the variability about these median values due to loc_atlon within
a given generic environmental category and with time while at a given location. .
An example distribution of local median values of man-made noise at. 29 MHz in
residential areas is given as Figure 22. The value or is the standard deviation of all
measured medians about the regression line for F... vs. frequency (5.0 dB for res_l den-
tial areas and 6.5 dB and 7.0 dB for rural and business areas, respectively). ow 18 .the
standard deviation for location variability at each of the measurement frequencies.
Values for gy, are given in Table 2 for each frequency and environmental cal.tegOTY-
Figure 23 gives the distribution of F, values obtained on 20 Mz during 21 hour
(0839 to 0939 hr local time) in a residential area in Boulder, Colo. The median and
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the upper and lower deciles are indicated to help illustrate the vanabiluy of F. The
time vanability for the different environmental categories has been estimated by
Spaulding and Disney** for each of the ten measurement frequenctes n terms of the
upper and lower deciles, D, and D, (in dB, relative to the median) These values, sum-
manzed 1n Table 2, are the root-mean squares of all the location values for each fre-
quency and environmental category. Let us now consider the models derived from this
empirical data base.
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(From Kanda, M., NBSIR 74-378, National Bureau of Standards, Boulder, Colo.,
1974.)

Hagn and Sailors®® presented four models for the probability distribution of the
short-term (= 1 min) mean values of man-made radio noise available power spectral
d'ensity levels based upon the data of Spaulding and Disney:*' a model based upon 2
single Gaussian distribution (simple Gaussian), a slightly more complicated model
based upon two Gaussian distributions (composite Gaussian), a more complex model
based upon the Chi-square distribution, and a Gaussian model with the parameters
estimated using the Chi-square results for the mean and standard deviation. These
models assume that the mean value is given by the Fan expressions for the appropriate
environmental categories. The mean and standard deviations are summarized in Table
2- and approximate expressions for the standard deviations are given in Table 3. The
simple Gaussian model assumes the mean is Fon (in dB) and the standard deviation is
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ards, Boulder, Colo 1974 )

oy, whereas, the composite Gaussian model uses the same mean with the upper half
of the distnibution being described by Oy, and the lower half being described by owe.
For the Chi-square model, the mean 1s given by F, = a + bv and the standard devia-
tion by o, , = b (2v'*?, where v 1s the degrees of freedom Figure 24 presents an ex-
ample at 20 MHz of a comparison of the model with data When the skew 1s negligible
and the distnibution between the deciles 1s required, the simple Gaussian model (or the
Gaussian derived from the Chi-square) 1s often adequate, whereas the two-part Gaus-
sian model or the Chi-square model 1s needed when there 1s significant skew These
model distributions should not be confused with the amphtude probability distnbution
(APD) of the envelope of the noise waveform at the output of the predetection filter
of a communication receiver.
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ANALYTICAL MODELS OF THE COMPOSITE ELECTROMAGNETIC
NOISE ENVIRONMENT

Spaulding in the preeceeding Chapter has reviewed noise models for the envelope
statistics of atmospheric noise, and Skomal'® has summarized the theory of envelope
statistics of man-made radio noise developed by Middleton.*”-"

The statistical-physical model of the composite electromagnetic environment devel-
PPEd by Middleton®®7° is truly comprehensive. Analytical first-order probability dens-
ities and distributions, as observed at the output of the initial (linear) stages of typical
narrow-band receivers (of bandwidth Afz), are obtained for three basic classes of elec-
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tromagnetic noise These are, respectively (1) Class A noise, characterized by mput
bandwidths Afy less than Afe, (2) Class B noise, where Afy 1s larger than Afg, and (3)
Class C noise, which 1s a linear combination of Class A and Class B components
Middleton has recently noted that the conditions for Class A noise correspond to the
case where the transient responses of the receiver are negligible relative to the steady-
state responses caused by an wcident wave ™

These models combine statistical and physical structures the noise sources are as-
sumed to be independently and randomly distributed 1 space, and they emut arbitrary
waveforms randomly 1n time, so that the basic statistics are Potsson The emitted wave-
forms obey appropriate propagation laws (e g , the wave equations) and explicitly m-
clude the effects of source and receiver antenna patterns, relative doppler effects,
source distributions 1n space, and other geometrical factors The results are hlghly
nongaussian, as would be expected, but they are analytically tractable and canomcal
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FIGURE 23 Example distribution of short-term local median
average nolse power spectral density at one location (for 20 MHz,
residential area) (From Spaulding, A D and Disney R T, OT
Report 74-38, Office of Te) US Dey of
Commerce Boulder, Colo , 1974)

Table 3
HAGN AND SAILORS’ APPROXIMATE FORMULAS FOR THE
STANDARD DEVIATIONS, INdB

Enviconmental
category Simple Gaussian and Chi-Square Composite Gaussian
Bustness fOr0 25 < fuw <25 for 0 25 < fuew, < 100
onZon'=90 on =105, 04 =80
0125 < faw <10 for 100 € fuw <250
ovZ 04,7 2 8 0~ 10g,of fu 710} =95 0nET5
for 10 < fuw, < 100
on on’ S8 O + 4 logialfun/10]
Residentral 1010 25 < fum, € 250 for 0 25 £ fun, < 100
0y =0, X80 om=90 0y =60
for 100 < fuw, < 250
0n 280,05 240
Rura] for025< fum €25 for 0 25 £ fun, < 100
onZ o 290 4 41020 funs 0. =90,00 60
for2 5< fan <250 for 100 < fuu, < 250
on 0y, = 8 0-4log,o [fun/10] On =63, 0,35

(1 e, the form of the probability structures are essentially 1nvanant of the waveform
and of kinematic and geometric details) This 1s strongly true of Class A noise (such
as some m de notse and ¢ 1ons signals), but only moderately so for
Class B noise (such as atmospheric noise and automobile 1gnition noise) whose statis-
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FIGURE 24, Comparison of Hagn and Sailors’ model
predictions with measured data at 20 MHz in a residen-
tial area. (From Hagn, G. H. and Sailors, D. B., n
Electromagnetic Compatibility i 1979, Proc 3rd
Symp. Tech. Exhibition on Electronic Compatibility,
Rotterdam, May, I to 3, 1979, 355. With permission )

tics are more sensitive to the source distribution and propagation laws. Excellent agree-
ment of the statistical-physical model with experiment is found for the relative APDs
of both basic Classes A and B (see Figure 25 for an example.) These quantitative
models, appropriately calibrated to reality by simple experiment, are useful for: (1)
the assessment of electromagnetic environments for the purposes of spectrum manage-
ment; (2) the evaluation of receiver performance related to the design of optimum
receivers for use in these strongly nongaussian noise situations; and (3) analytical de-
termination of system performance.

Middleton’s analytical formula for the probability of successful communications in
a land mobile environment (Class A noise) has been shown by Berry™ to produce
identical answers to his own numerical computer program for identical inputs. He
noted that one assumption of Middleton’s Class A model (specifically, that interferring
sources transmit randomly) does not apply for radio services that employ circuit disci-
pline (e.g., land mobile radio); whereas, Berry’s model does not have this limitation.
In order to use Middleton’s formula to compute the probability of successful commu-
nications for a detailed Class A scenario, the parameters for Class A noise must be
determined from scenario descriptors. This nontrival task is discussed by Berry” and
by Middleton.”s

Techniques have been developed to estimate the Middleton model parameters from
experimentally measured APDs.” It should be noted that this is not simply curve fit-
ting. The model, once the parameters are determined, is capable of predicting the APD
quite well in dB relative to the rms value (see Figure 25). Currently, an empirical model
(e.g., Reference 66) is still required to predict the probability of occurrence of a given
rms value for a given environmental category of Class B noise (e.g., business, residen-
tial, or rural).
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Absorption, 11: 33
antenna cross section, I: 262
atmospheric, I: 256
collisional, I: 127
molecular, I1: 277
polar cap, I: 128
Accelerated charges, radiation from, 1: 252
Acceleration of coalescence process, 1: 18
Accumulations of charged particles, 1: 15
Acoustic channel reconstruction, I1: 283, 284
Acoustic radiations, I1: 258, 267, 270, 280, 281,
283
electrostatic, I1: 285—287
power spectra of, 11: 274
Acoustics, geometric, II: 278, 279
Acoustic scattering, 11: 278
Acoustic waves, I: 17; I1: electrostatically
produced, I1: 285
of thunder, see also Thunder, 1: 18
ACR, see Average crossing rate
Addition theorem, I1: 148
Aerodynamic forces, I: 15
charged, I: 11; 11: 304
cloud, 11: 279, 282
effects of, I1: 272, 278
intensified fields caused by, 1: 9
mobility of, I: 15
Aerosols
charged, 1: 11; 11, 304
cloud, I1: 279, 282
electric field and, 1: 9
particles, 1: 11, 15, 67
Airburst nuclear explosion, I: 275
Aircraft
corona noise on, 1: 272
electrical perturbations caused by, I: 10
Air discharge, 1: 33
Air mass thunderstorm, 1: 2
Airy functions, 11: 154, 155, 170
mode representation of field with, II: 154
Aitken nuclei, I: 11; [1: 293
Aliasing, 1: 144
Alternating fields, 11: 298—304
technical, 11: 295
Ampere force, 1: 92
Amplification of whistlers, 11: 66
Amplifiers, active RC, II: 242
Amplitude factor, 1: 228
Amplitude probability distribution (APD), 1: 299,
301, 303, 311—313, 318, 319, 339
Amplitudes
distributions of, 11: 236
finite, 11: 272, 274, 275,277,282
multichannel, II: 236
sampled maximum, I1: 237
spectral, 1: 189, 192, 193, 198, 231; 11: 188,
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Analyzers of atmospherics, I: 237
Angles
Brewster, II: 165
dip, 11: 169, 182
of incidence, 1: 227; 11: 144, 151, 165, 174
Angular frequency, 11: 147
Angular separation of source and receiver, 11: 181
Animal fibers, 1: 17
Anisotropic ionosphere, 11: 159
Anisotropic plasma
field in, H: 160
homogeneous, 11: 162
plane, I1: 143
Anisotropy, 11: 28, 29, 166, 168, 176, 189
directional, 11: 182, 190
Anomalous propagation behavior, If: 192
Antenna characteristics of lightning currents, I:
200—216
Antenna effect, 11: 209
Antennas, I: 47, 50, 322, 323; 11: 207
absorption cross section of, 1: 262
broad-band magnetic, 11: 250
calibrating, I: 133
capacitance of, 1: 132
cardioid, 1I: 245
characteristics of, I- 291
effective length of, I: 212, 214
imperfections n, I1: 249
loop, see Loop antennas
receiving, I: 131
spherical, 1: 13
vertically polarized, 1: 294
vertical whip, 11: 207
whip, I: 131; 11: 207
Anthropogenic influences, I: 81
APD, see Amplitude probability distribution
Aperiodic type 1 waves, I: 185
Aperture effect, 1: 274
Appleton-Hartree equations, I: 124; I1: 25
Approximate solution, I: 175
Artificially stimulated emission (ASE), I1: 71
Atmospheres
Jupiter, 11: 116
lower, I: 67,93
Mars, 11: 112
Mercury, I1: 105
middle, I: 67, 93
Neptune, 11: 127
planetary, I11: 105-—129
Pluto, II: 128
Saturn, II: 123
Uranus, 11: 125
Venus, 11: 108
Atmospheric absorption, I: 256
Atmospheric chemistry, 11: 102
Atmospheric density, 1: 19
Atmospheric effects, I: 256
Atmospheric electric fields, I: 66, 71; 11:
292—-293,298
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Aimospheric elecine parameters
apphcations of, 11 293—295
biological effects of, 1l 294

Atmosphenic exchange layer, I 68, 81

Atmospheric noise, 1239, 242, 260—265,

274—276, 289—325
bandwidthof, 1 301,313
envelope of, I 297
estmates of, I 297318
mathematical models of, 1 305
satellite alutudes 1 274
special sources of, 1 274—276
spectfication of 1 260—265
system performance and 1 318—325
telecommunication system performance and, 1
289310
thermal, I 272--273

Atmospheric stabilty, 1t 103

Atmospheric wave guide, see Wave guides

Attenuation, | 94 112,117,120, 11 176 187,

269,272 274—-279
classical, 11 282
coeffictent of, 11 276 278
dayume, 11 182
ELF, 11 176—200
factor of, 1 228,11 180, 181, 189
LF, II 176—200
maximum, II 186
molecular, [ 275, 276, 282
mightume, 11 176, 184
plane modets, 11 176
propagation, Il 238
rateof, 1 238—240
spherical models, 11 176
summer, 11 182
turbulent, IT 278
viscous 11 279
VLF, 1T 176—200
wave pndes and, 11 175
waves of, Il 153
winter, [T 182

Auroral zones, I 78

Austin attenuation factor, 11 18}

Austin formula II 178, 180

Autocorrelanon, I 301, 316
functionof, I 141, 299

Automobiles, see Ignition noise

Average crossing rate {ACR), 1 299, 301, 339

Azimuthal symmetry, I 113

B

Background temperature of umiverse, I 280
Balloon observations, I 84—87, 11 2—18
Bandwidth

atmospheric nosse, [ 301,313

noise power, 1 291,293

standard, I 266
Barkhausen nose, I 136
Basehnes, I 234
Bay of Biscay, I1 195

Beaming, 11 285
Bessel function, 11 148
Biological effects, IT 295,298
Biological expertments, errorsin, 1 296--297
Biot Savart law, [ 182
Black body 1 264
Blocking chaonel, 1l 245
Boundary, I 157
ctoud, II 279
1onospheric, I1 174
1onospheric reflection, 11 179
spherical, IT 149
wave guide, [1 179
Boundary condwion, [ 93 97,11 13 146,
148—150, 153 163
impedance, 11 149 151
mode equation for [T 169
Boundary crossings § 84
Boundary layer wind shears, 11 280
Boundary surfaces I 148
Branched streamer, § 34
Breakdown
deelecinie, T 10—12, 19
electrical, I 201
Brewster angle 11 165
Brightness temperature [ 264
Broad-band gated direction finders, I1 250
Broad band magneuc antennas I 250
Broad-band systems, Il 211
Bruce-Golde model 1 42,45 46 52,59 200
Bubble bursting, T 12
Business areas, 1 341

C

Calibrating antenna 1 133
Calibration, I1 253—254
Cabibravon (vid, 1 138
Cameras streaking, 1 37
Capacitance, 1 210
ofantenna [ 132
of sphere, 1 132
Cardiowd antenna, 11 245
Cathode ray direction finders (CRDF) 11 245
Cawity H 182
Qof, 1 112,117,118 173
resonator of, 1 112,11 181
CCIR (International Radio Consultative
Comnuttee) 1 270, 293, 294, 297, 301, [1
221
CCIR Wightaung flash counter, 1L 220, 221
Celestial sphere, 1 276
Cell, penetrative, I 4
Central Radio Propagation Laboratory (CRPL),
1 301
Cerenkov resonance, II 65
Channel, I 38,41,217-231, 11 81,269,272,
283285
acoustie, 11 284
blocking, I 245
currentof, I 182, 200, 211



diameter of, I: 200, 210, 211
electrical conductivity of, 1: 40, 200
heating of, 1: 214
hot, 1I: 258—272
in-cloud, I: 28
length of, I: 200, 210, 211, 219
macro-tortuosity of, 11: 270
oblique, 1: 217
orientation of, 1: 27
parameters derived from observation, I: 215
reconstructed, I11: 284
resistance of, 1I: 263
spark, I1: 267, 268
temperature of, I: 215; I1: 81
tortuosity of, 11: 261, 270, 271
vertical, 1: 217
Characteristic length, 1: 92
Characteristic time, I: 92
Characteristic waves, 11: 177
Charge, 1: 180; II: 80
accelerated, 1: 252
artificial introduction of space, I: 8
deposition of, I: 12
image, 1: 25
lightning-deposited, I: 16
positive, 1: 15
positive pocket, 1: 24, 25
separation of, I: 12
space, I: 71
Charge configuration and electric current, I: 211
Charged aerosols, I: 11
effects of, 11: 304
Charged cloud droplets, 1: 11
coalescence of, 1: 13
Charged cloud 1ce particles, 1: 11
Charge density, I: 8, 212, 214
Charged graupel particles, I: 11
Charged hail, I: 11
Charged particles, 1: 11, 15
accumulations of, I: 15
Charged raindrops, 1: 11, 18
levitation of, I: 14
Charged regions, location of, I: 14
Charged snowflakes, I: 11
Charge separation, 1: 71, 75
Charge structure, I: 24--29
Charge transfer, 1: 13
Chart records, 11: 219
Chemistry of atmospherics, 11: 102
Chi-square distribution, I: 142
Chi-square model, 1: 346
Chorus, see also Whistlers, 11: 23, 67
dawn, I1: 23
CIGRE lightning flash counter, I1: 220
Circnits
equivalent, I: 71
global, I: 80
lumped, I: 201, 209
short, I: 104
Clap, see Thunder
Class A noise, I: 348
Class B noise, [: 348
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Class C noise, 1: 348
Close flash detection, 1I: 233
Clothing, I1: 295
Cloud aerosols, 11: 279, 282
Cloud chamber experiments, I: 16
Cloud droplets
charged, I: 11, 13
coalescence of charged, I: 13
mobility of, I: 15
Cloud particles, 11: 278, 279
intensified fields caused by, 1: 9
small, I: 12
Clouds, 1: 2, 4
baseof,1: 3,4
boundary of, 11: 279
cumulommbus, I: 2
development of, 1: 3
discharge in, see also Lightning, I: 32, 35
dynamics of, 1: 18
electrification of, I: 8—16
flashes in, I: 32; I1: 224
high, I: 4
1ce particlesin, I: 11
Jupiter, I1: 117
low, 1: 4
mapping of VHF/UHF sources in, 1: 269
microphysics of, I: 16
optical properties of, I: 17
seeding of, 1: 7, 17
thunderstorm, I: 2, 24
vertical extent of, I: 4
volcanic, I: 2
Cloud-to-ground lightning, 1I: 80, 81
Coalescence
acceleration of, I: 18
charged cloud droplets and, 1: 13
growth by, I: 7
raindrop formation and, I: 18
Coefficient of attenuation, 11: 276, 278
Coefficient of viscosity, 11: 276
Coils, 1: 136
design of, I: 137
Cold plasma, dielectric properties of, 11: 160
Collisional absorption, 1: 127
Collisionless model, II: 39, 52
Collisions, 1: 10
frequencies of, I: 121
ice crystals, I: 14
liquid droplets, I: 14
particles, I: 12
raindrop formation and, 1: 18
rate of, II: 159, 161, 165, 182
Columnar resistance, I: 69, 73, 98
Comite Consultative Internationale de Radio, see
CCIR
Compact cassettes, 11: 219
Complex refractive index, II: 33
Composite noise environment
analytical models of, I: 347—352
empirical predictions of, I: 339—346
Computer simulations, 1: 59
Concentric sphere resonator theory, I: 112—129



360 CRC Handbook of Atmospherics

Condensation nucle), 1 3 Cumulommbus clouds, 1 2
Condensation of water vapor, I 17 Curl operation, 11 141
Conduction of heat, I1 276, 278,279 Current, I 14,73,74,96,211, 214,11 16—18,80
Conductiviy I 40, 67, 112 167,200 225 I1 2, channel, I 182,200, 211
11, 158 159, 294 charge configuration and, [ 211

channel, I 40,200 continuing, I 30,32, 11 258

Cowhing 1 70,72, 103 coronal, 1 201

Earth, I 225 density of, 1 83, 85,91

frute 11 174, 187 displacement, I 92

Ginte ground, 11 187 dynamo, | 74

ground, I 176 fair weather 1 96

Hall, [ 70, 102, 122 fietd aligned, I 78 105

tower wnosphere 1 167 generators of, 1 96

material, 11 294 horizontal, 1 74

nonconducting atmosphere, I 167 impulse, [ 183

parameter of 1 160 lightning, [ 200—216

Pedetsen, 1 70 102 line 1217

profieof, 1 164, 167,170 173 moments of, [ 267

scalar, [ 93 recoll, | 34
Conductivity scale height 1 120 nise bmes for 11 264
Conductvity tensor I 74,91 102 source, 1 181
Contact electnfication, | 12,13 Sq,1 87 103
Continuing current, I 30, 32 typel, 1183
Continuity equations 11 164 type2, 1 184
Continuous noise [ 213 Cut off frequency, I 112
Conunmum spectrum, 11 153 Cyclotron resonance, 11 66
Convection field 1 105

electnic 1 87

magnetospheric [ 76 D
Convergence, I1 176

weak 11 153 Damped oscillations I 185
Converter staons | 335 Dampung If 176
Core loops, 11 211 Damptng time 11 12
Core permeability, I 136 Dart leader 1 30—32, 40
Corona, I 270, 334 Data

currentof 1 201 analysisof 1 138—155

effects of, 11 208 reductionan, I 217

noise from, 1 270—272 storage of, I1 218
Cosmic nouse, [ 276 Dawn chorus, 11 23

discrete sourcesof 1 280 Day-mght cffects, 1 172

mapsof, 1 278 Debye approximation, ([ 149~152, 154, 156

temperatures of, 1 278 Debye potenual, I1 147
Cosmuc rays, 1 11, 67,69, 121, 128, 168 Defect noise 1 336

fastwons produced by 1 11 Defense Meterological Satellte Program (DMSP),
Coulombic forces, 1 18 159,11 84—87
Counters of atmosphenics 11 226, 236 high-resolution scanners of, I 86, 87,90
Cowhing conductvity I 70, 72, 103 Detay
CRDF, sec Cathode ray direction finder nose, 11 38
Cregion, 1 169 whistler, 1 37
Cross bearmg, 11 251 Demodulation interferences, I1 208
Cross-correlauion, 11 283, 284 Densuy
Crossing rate, | 299, 301, 339 atmosphere, I 19
Cross-modulation, I 158 charge, 1 8,212,214
Cross-over frequency, I1 58, 63, 61 current, 1 83, 85,91
Crossover time, 1 185,220 electron, 1 38, 121, 11 39, 159, 160 165, 182
CRPL, see Central Radio Propagation gradsent of, 11 166, 169—190

Laboratory won, I 121

Crystals magnetic flux, 1 152

charged snow, I 11 power, I 142

e, 1 12,13 probability, 1 142

melting of electrified ice, 1 13 spectral, 1 262 267,293, 299, 333

Cumulative distribution function, | 299 spectral power, I 300
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Deposition of charge, I: 12 -
Dielectric breakdown, 1: 10, 11, 12, 19

Dielectric constant, [: 91, 183; I1: 137, 158
Dielectric properties of cold plasma, II: 160

Dielectric tensor, 11: 160, 161
Diffuse 1onospheric plasma, II: 168
Diffuse transition, 11: 166
Diffusive equilibrium
distribution of, 11: 52
model of, 11: 39, 40
Dip angle, 11: 182
field, I1: 169
Dipole, 1: 181, 183,224; 11: 181
above Earth, 1: 254
alignment of ice crystals and, I: 17

electric, 1: 8, 181, 183, 184, 224, 254, 255; 1I:

146, 181

horizontal, I: 255

moment of, I 181, 185, 212

radiation from, I: 180

strength of, II: 147

vertical, I: 8, 184, 254; 11: 146
Directional anisotropy, I1: 182, 190
Direction finder, 1: 234; 11: 242

broad-band gated, 11: 250

cathode ray, I1: 245

hyperbolic, I1: 252

microprocessor, 11: 250

multistation, I1I: 251

narrow-sector, I1: 245

w-¢ transformation, I1: 247—248
Discharge

air, 1: 33

cloud-to-cloud, I: 32, 35

cloud-to-ground, I: 25, 28, 29, 58, 211

coronal, 1: 270

ground, I: 31, 32, 38, 50

mtracloud, I: 27, 29, 59, 197, 213

lightning, I: 17, 29—34; I1: 293

mechanism of, I: 2934

point, 1:2, 8, 15

spark, II: 295

Trichel, I: 271
Disintegration, radioactive, I: 11
Dispersion

in whistler, I1: 52

of pulse, I: 224
Displacement current, 1: 92
Displacement field, I11: 160
Disruption of raindrops, I: 13
Dissipated energy, 1: 213
Dissipative currents, I: 14
Distance

great circle, 11: 176

image, I: 180

numerical, I; 225

radio horizon, 1: 256

standard, I: 266
Distortions, I: 10
Distribution

Volume I

amplitude, II: 236
chi-square, I: 142
cumulative, I: 299
diffusive equilibrium, 1I: 52
lightning, 11: 82
logarithmic normal, 1: 232
probability, 1: 231
pulse duration, 1: 299
pulse spacing, I: 299
Rayleigh, 1: 311, 312
thunderstorms, 1: 269
Disturbances, solar, 1: 280
Diurnal variation, 1: 112; 11. 192, 242
n field intensity levels, I: 152
Diversity reception, I: 320
D layer, 1: 70, 169, 227, 243
profile of, II: 159, 160

DMSP, see Defense Meteorological Satellite

Program
Dominant frequency, II: 275
Downdrafts, I: 2, 11

Downward propagating waves, I1: 163, 178

Drag
force of, 11: 286
viscous, I1: 279

Droplets, see also Raindrops
charged cloud, I: 11, 13
distortion in spherical shape of, I: 17
ejection of electrified, I: 13
electrification of, I: 12, 13, 15
evaporation of electrified, I: 12
fountain, I: 18
ligud, 1: 12
supercooled, 1: 7

Dryice, 1: 7

Ducts, I1: 22
whistler, 11: 35

Dust storms, I: 2, 275
on Mars, I1: 113

Dynamic range, I: 301

Dynamo
hydromagnetic, I: 104
kinematic, I: 104

Dynamo currents, 1: 74

Dynamo field, ionosopheric, I: 73

Dynamo layer, I: 87, 92, 103, 105

Dynamo region, I: 72

Earth
dipole above, I: 254
electric conductivity of, 1: 225
magnetic field of, see Magnetosphere
surface of, 11: 158, 175
surface reflection factor of, II: 158
Earth-ionosphere waveguide, I: 290
East-to-west propagation, 11: 169, 182
Eckersly dispersion law, 1i: 39
Eddies, 11: 278, 280
Effective height, I1: 207, 209, 253
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Effective range, I1 221
E/H-ficld analysis, 1T 232
Eigenfrequencies, I 207
Esgenfunctions, I 209
Ergenvatue, 1 120,210, 21t
mode, II 169—176 184
Ejection of electrtlied droplets, { 13
Elayer I 243
propagation by, It 179
Electric breakdown I 201
Electric cireuits sce Crretiits
Electric component of storm energy, I 18—19
Electric conductivity, see Conductivity
Electric convection field, I 87
Electric current, see Current
Electric dipoe, see Dipote
Electric energy, L 15
Electric field 1 8,16 17,71,78 91,92,98 180,
194,195, 221, 11 2 145,175, 178, 293,
299, 301
accelerated growth of ice crystalsin 1 17
aerosolsand 1 9
atmosphene, | 66, 73, 11 292—293
constant, 11 292, 299
convection 1 87
enhancement of precipitation growthand 1 18
exponential growthof I &
fair-weather, | 73,78, 11 4 297
generators of 1 96
global, 1 79
horizontal, I 86, 129—131 11 §
e crystalsn, 1 17
wtensity of 1 8,152
low frequency I1 299
mapping of | 93
precipitation growth and, [ 18
radal component of, 1L 155
seasonality of 1 152
Sq currentand, I 87
tangential, Il 145
stauc, [ 92
thunderstorms in 1 66
Venusand H 111
vertical, [ 84,130 131,11 18t,182
lectric forces, 1 17
Electric heating from lightnig, 1 19
Electric perturbatons from aircraft and rockets,
110
Electric polarization, 1§ 139
Electric potential, I 95, 100, 102, 105
Electric pressure, I1 286
Electric wall, IT 178, 179
Electnfication, I 7, 18
clouds, I 8—16
contact, 1 12,13
drop, I 13
effectsof, 1 16—19
frictional, T 12
hyper-electrification, I 13
mechanisms of, I 14
systematc, I 12
Electnified droplet, see Dropiets

Electrified ice ctystal melting, 1 13
Electrochmatization, I 293,298
Electrode effect, I 71
Clectrodes, floating, I 131
Electeolytes, 10 294
Electromagnetic energy, | 212
Electromagnetic equations, I 91
Electromagnetic field, ! 74, 91, 92, 104, 184, 219,
252,11 135157
ELF,1 228
Jump, Il 229
modifications of, I1 158
nonradiating, I 254
representation of, 11 177
vertical electric dipole, I 184
Electromagnetic noise, see Noise
Electromagnetc pulses (EMP), 1 246
Electromagnenc radiation, 11 181
from lightning channels | 217—231
from hghtring stroke, [ 47
Electromagnenc wave 11 293
vertically polarized, [I 162
Electron cothsion rate, 11 159
Electron density, | 121, 11 159, 160, 165
deternunauion of, [ 39
gradient of, 11 166, 189—190
of lightning channel, [ 38
profileof, 11 182
Electron gyrofrequency, I 16}
equatonal, 11 44
Electron-ion whistlers 11 63
Electron plasma frequency, {1 161
Electrons, 1 11
nFlayer, Il 287
Electron tube content, [I 40
Electrostatic acoustic enussions, 11 258, 285287
Flecirostatic component { 180, 187
Electrostatic inductton, I 12
Electrostatic pressure, 11 285, 286
ELF, 1 230,240 1T 134, 180, 184,292
attenuation of, 11 176—200
lower, IT 182
measurement techniques for, 1 129—138
phase velocuty and {1 176—200
ELF component, 1l 239
tune difference of VLF and, 11 238
Ellipse, polarization, It 243
Emussions
acoustic, 11 258, 267, 285287
aruficrally sumulated 11 71
electrostatic acoustic, (1 258, 285—287
trggering of, 1 66
whistler-triggered, 11 71
Emussivity, microwave, I 273
Emitted power, Il 175
EMP, see Electromagnetic pulses
Empty space, I 163
Energetic pacticle precepetation, 1 66
Encrgy
disstpated, 1 213
electrical, I {5
electiromagnetic, 1 212



lightning, II: 263

of radiation component, 1: 223

total, I: 213, 214, 223

transport of, 11: 184—185, 187
Envelope

atmospheric noise, I: 297

noise, 1: 297, 316, 319

signal, 1: 319

voltage of, 1: 300
Environmental influences, 11: 249, 295
Environmental noise, 1: 330
Equatorial electron gyrofrequency, I1: 44
Equilibrium

diffusive, 11: 39, 40, 52

thermal, 1: 265

thermodynamic, I: 39
Equipotential layer, 1: 78
Equipotential lines, I: 75, 95
Equivalent depth, 1: 92
Equivalent electric circuits, I: 71
Equivalent plane wave field strengths, I: 266
Errors

bearing, 1: 234

in biological experiments, I1: 296297

roundoff, 1: 145
E type waves, I1: 179
European continent, II: 191
Evaporation of electrified water drops, I: 12
Evolution, 11: 297—298
Exchange layer, I: 68, 81
Excitation

factor of, 11: 176, 181, 187

primary, 11: 147, 148

resonant, [1: 182

secondary, I1: 147, 148
Experimental data, 1: 138—155
Experimental model of lightning parameters, I:

34—41

Experiments, long-term, 1I: 303
Explosion

airburst nuclear, 1: 275

hazard of, I: 271

nuclear, I: 128, 275
Extraordinary mode, I1: 26, 57
Extraordinary wave, 11: 56
Extraterrestrial sources of radio noise, I:

276281

Extremely low frequency, see ELF

F

Fading
frequency selective, I: 321
Rayleigh, I: 320
signal, 1: 324
Fair weather current, I: 96
Fair weather field, I: 73, 78,100; 11: 4
natural, I1: 297
Fall-off rate, II: 186
Far field, I; 228
wave forms for, I: 194
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Far-off selection, 11: 217
Fast Fourier Transform (FFT), I: 141
Ferromagnetic core loops, see also Direction
finders, I1: 211
FFT, see Fast Fourier Transform
Fibers, I: 17
Finite amplitude propagation, 11. 272, 274, 275,
277,282
of thunder, II: 272
Finite channel length effects, 1: 219
Finite conductivity, I1: 174, 187
First return strokes, 1: 215
Flares, solar, I: 70, 243
F layer, 1: 87
electrons in, 11: 287
peak in, I1: 32
Floating electrodes, 1: 131
Fluid displacement, II: 279
Flux
magnetic, [: 152
solar, I: 168
solar proton, I: 146
Foehn, I1: 298
Formation of precipitation, 1: 6
Fountain water drops, I: 18
Fourier transform, 1: 42, 140, 141, 143, 192, 193,
300
theory of, I: 262
Fragmentation of large precipitation particles, I:
12
Free waves, 1: 213
Freezing
liquid drops, I: 12
supercooled water and, I: 14
thunderstorms not extending above, I: 14
Fresnel reflection, I: 255; iI: 151, 156, 158
Frictional electrification, I: 12
Friction of textiles, II: 297
Frontal storms, 1: 2, 3
Frozen precipitation, I: 14
Full moon noise temperature, I: 282
Fundamental mode dominance, [: 213

G

Galactic cosmic ray activity, I: 168
Galactic noise, I: 276, 294, 296, 342
Gaussian model, I: 346
Gaussian noise, I: 301, 320, 321, 324
white, 1: 298, 313, 319
Gaussian process, narrowband, 1: 315
GDD, see Group delay difference
Gendrin angle, 11: 31, 36
Gendrin mode, II: 31
Generation of lightning, Ii: 100
Generators
electric fields and currents, I: 96
global, 1: 79, 96
hydromagnetic, I: 76
local, I: 78, 100
thunderstorms as, I: 96, 100
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Geomagnetic field, I 74, 95, 105, 1T 169, 182,
191
mendianof, J1 182, 189
propagation of, I 182
Geomeinic acousucs, 1 278,279
Guant ightning, [ 35
Global electric circwst, 1 80
Global efectrc field, I 2,79
Global generator, 1 79
thunderstocmas, 1 96
Graupel particles I 11
Gravity wave, I1 287
Grazing meidence, 11 151, 174
Great circle distance, 1 176
Green's function, 11 9,10
Ground-based measurements of electnic field, I 78
Ground conductivety, 11 176
fimte, 11 187
Ground discharges I 25 28,29, 31, 32, 38, 50,
58
mode structure of, I 211
Ground flashes, [1 224
Ground plane, | 47
Ground reflectivity IT 158
Ground stroke, 11 80, 81
Ground truth 11 86 95
Ground vibrations, | 155
Grouud water content, L 159
Ground wave, 1 224, 255
Group delay difference (GDD) 1 230, 233 235,
11 187192, 193—196, 230 24)
effects of higher order modes on, I 192
Group ray refractive index 11 29
Group nme delay and phase velocity 1 230
Group veloaity, T 230
Growth by coalescence § 7
Gulf of Gumea, 11 192
Gyrofrequency I 122, 260
of electron 11 44, 161

H

Hau
charged, 1 11
particles of, I 14
Hall conductvity, I 70, 102, 122
Hallmodel, I 316
Hankel functions, 1 114, 120, 11 148 149
normahzed sphercal, I1 149
spherical, I 149, 150, 154
Harmonics
power line, I 71
zonal, 1 114,1t 176
Heat
channel, I 214
conduction of, I 275, 276, 278, 279
fromsun, I 2
fatent, | 4
Heatengine, I 4
Height
effective, II 207,209, 253

virtual, I 227, 243
Height structure functions, I 93
Hesnrich-Hertz Institue, 11 118, 242
Hertz functton, IT 136, 138, 140, 143, 147
HF fields, 11 301
H field polanzation ratio (HPR), {1 243
HF radio waves, 11 81—82
High frequency, sce HF
High-tesolution scanners, {1 87, 90
Huss, UL 67
Homogeneous amsotropic plasma, I 162
Homogeneous field, 11 297
Homogeneous 1onospheric model, 11 187
Homogeneous isottopic medum, 1 140
Homogeneous plasma, Il 162
Homogeneous problems 11 146
Homogeneous reflector, 1 159
Horzontal dipote, T 255
Honzontal electric current 1 74
Horizontal electric fields, [ 86, 129, 131,11 §

ratio of to vertical electnc fields, I 130
Hot channels, H 258--272
HPR, see H field polarization ratio
Hybnid resonance 11 57
Hydrodynamic equations I 91
Hydromagnetic dynamo, I 76, 104
Hydromagnetic waves, Il 55
Hyperbolic direction linding {1 252
Hyper-electnification, I 13

lcecrystals, I 12
accelerated growth of n strong electric fields, 1
17

colltsions between, I 14
collisions of with hquid droplets, [ 14
dipoles and alignment of, I 17
electrified, 1 13
formationof, ¥ 17
melting of electrified, I 13
mobility of, I 15
producuonof, 1 17
Ice particles, 1 7
charged cloud, 1 11
Ice phase, 1 14
Ignition noise, I 313, 336, 11 252
Image charges, 1 25
Image distance, 1 180
Imaginary half-plane, I1 153
IMF, see Interplanetary magnetic fleld
Impedance, I 74,11 279
boundary condition of, 11 149, 151
1onosphere, Il 174
matrix of, Il 145
scalar, 11 145
surface, I 117,11 135, 153, 159, 176, 177
Impulse
rate of, | 240, 242
stngle, I 260
Impulse forms of hghtming currents, I 183



Impulsive noise, I: 296, 315, 319, 323
white, 1: 319
In-band man-made transmitters, I1: 252
Incidental noise, 1: 330
Incidental radiators, I: 339—346
Incident waves, [z 143
perpendicularly, IT: 158
In-cloud channel, I: 28
Inductance, I: 210
self-, 1: 75
induction
electrostatic, 1: 12
unipolar, I: 89
Induction component of electric field, I: 182, 183,
187
Induction loops, 1: 136
Inductive charge transfer, I: 13
Infrasonic thunder, I1: 258, 287
Infrasound, I1: 287288
““Infrasound from Convective Storms: Examining
the Evidence,”’ 1: 287
Inhomogeneities, 11: 147
horizontal, II: 159
lateral, I: 127
plasma and, 11: 162
problems in, I1: 146
reflection factor of, Il: 159
Initial peak, 1: 192, 196, 198, 222
Inner planets, I: 282
Integrated atmospherics activity, 1: 239
Intensity
of electric fields, I: 8, 152
of thunderstorms, I: 164
Interference, see also Noise, I: 136; 11: 185, 186,
295
demodulation, [I: 208
ignition, I: 333, 336; 11: 252
man-made, [: 153; I1: 252
mode, I1: 185
natural, I: 153
nulls in, 11: 186
power-line, 1I: 252
random, I: 306, 310
sources of, I: 153
trough in, 11: 186
Intermediate component of electric field, see
Inductive component
Internal resistance, 1: 73, 104
International Radio Consultative Committee, see
CCIR
International Telecommunications Union (ITU),
1:302
Interplanetary magnetic field (IMF), I: 76, 89
Interservice Radio Propagation Laboratory, I:
301
Interservices lonosphere Bureau, [: 301
Interstroke interval, I: 164
Intracloud discharges, I: 27—30, 34, 59, 180, 183,
184, 191, 197, 200, 224; 1I: 80
mode structure of, I: 213
fo, 11: 122
fon-cyclotron whistlers, I1: 58, 63, 64
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Ion densities, 11 121
Ionization, 11: 294
enhanced, 11: 196
wave of, I: 41
Ionosphere, 1: 70, 112, 290; I1: 146, 151, 287
anisotropic, 11: 159
boundary of, 11: 174
daytime, II: 159, 180
dynamo field of, 1: 73
effects of, 11: 45
electrical conductivity of lower, I: 167
impedance of, 11: 174
inhomogeneous anisotropic, I1: 159
isotropic, I1: 146
lateral inhomogeneities in, I: 127
lower, I: 167
models of, I: 167; I1: 187
nighttime, 1I: 160
observations at height of, I: §7
plasmain, II: 168, 188
profile of, 1: 168; II: 159
propagation in, I: 257; I1: 45
reflection on, I1: 177
reflection on boundary, II: 179
sharply bounded, II: 166
undisturbed daytime, II: 159
wave propagation through, I: 260
Ions, 1: 11, 12; 11: 293
annihilation of, I: 67
biological effect of, II: 293
cosmic rays and, I: 11
effects of, 11: 54, 293, 304
fast, I: 11
large, I: 11, 67
mobility of, 1: 67
nitrogen, I: 39
production rate of, I: 67
recombination of, I: 67
small, I: 11, 17, 67, 68; 11: 303—30+¢
space charge of fast, I: 11
lon whistlers, I11: 55, 63

J

Junction process (J process), I: 31, 32
Junge layer, I: 69
Jupiter, 1: 14, 19, 59, 282; 11: 115—122

K

K change, 1: 31—34, 41

K discharges, see Intracloud strokes
Kelvin effect, I: 6

Kenelly-Heaviside layer, 11: 135
Kinematic dynamo, I: 104

K streamers, see Intracloud discharges

L

Landau resonance, I1: 65
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Langmuir probe, 11 2
Lapse rate, 11 103
Latent heat, 1 4
Layered plasma
model of, IT 165
plane, 11 174
reflecnonat, I1 163
Layers, 11 163
boundary, 11 280
plasma, Il 165
successive, [1 163
LDAR, see Lightning Detection and Ranging
System
Leader process, 1 29
Leader strokes (L strokes), I 180, I 80, 264 265
dart, 1 30, 31,32,40
stepped, I 44, 56, 57, 197, 201, 206 11 80,
206, 264
Legendre functions, 1 114, 11 147
Length of path, [ 29
Level meters, 11 228
Levitation of raindrops, § 14 18
LF, 1 230, M 134 180, 181 185
attenuation and phase velocity i, [1 176—200
LFC, see Lightming flash counter
LHR see Lower hybrid resonance
Light channel diameter, [ 41
Lighting see also Strokes, 1 2,12, 14 80 112,
1 83
channels of, see Lightming channets
charges deposited by, I 16
charge structure of, ! 24—29
cloud seeding 1 17
cloud-to-ground I1 80 81
currenis of, see Lightmag currents
detection of, I 96 119
dischargesof, I 17,29—34, 1 293
disinbunon of, 11 82
electrical heating from 1 19
electromagnetic radiation from, 1 47
energy from, I1 263
experimental modet of, | 34—41
flashes of, see Lightning flashes
frequency of 1 4
generation of, 1 100
giant, 1 35
ntracloud, I 28, H 80
Jupiter and, I 118, 119
locations of, Il 90
Marsand, IT 113
Mercuryand, 1 105
minor, 1 35
multiple-stroke flashes of 1 26
Neptone and, 1} 127
overland, I 2
over oceans, 1 2
parameters for, I 34—41
planetary, H 102, 104—129
Plutaand, I 128
preduschasgeof, | 29
sateliite detection of, 11 82—96
Saturnand 11 122, 123—124

spectroscoptc study of, 1 39
triggered, I 276
Uranus and, I1 126
Venus and, I1 109, 110
winter, I 58
world, { 166
Lightrng channels, II 269, 272
acoustic reconstruction of, IF 283, 284
electromagnetic rad:ation from, I 217—231
electron density of, 1 38
orientation of, 1 27
reconstruction of, I 284, 285
temperature of, 1 38
tortuosity of {1 270
vertical radiation from 1 217
Lightring currents
antenna characteristics of, I 200216
mpulse forms of, I 183
Lightning Detection and Ranging System
(LDAR), 11 237
Lightring discharges, see Lightning flashes
Lightnung flash counters (LFC), 11 220,221
Lightning flashes, T 17, 29—34, 139, 164, 11 80,
293
cloud, 1T 224
detection of, 11 233
duration of, I 32
electrical charges deposited by, I 11
ground Il 224
multi-stroke, 1 26,30 37
rateof 11 85
Light pressure, [1 152
Light scattering, 11 152
Line current vector potential, | 217
Linmodel, I 52
Liquid drops, see Droplets
Load resistance, I 74 104
Local generators, 1 78
thunderstorms as, I 100
Local thermodynamic equilibrium (LTE), I 39
Logarithmic derivatives, I 120
Log correlator receiver, 1 324
Log normal distribution model, I 232,11 237
Longitudinal resonance, II 65
Loop antennas, I1 208
ferromagnenc core 11 211
nduction, I 136
Lorentz field, I 74, 91,92, 104
Lorentz gauge, Il 137
Lower hybrid resonance (LHR), I 57,59
frequency of, Il 62
reflection of, 1l 35, 61
Low frequency see LF
Low-order modes, 11 174
L shell, 1 96
L strokes, see Leader strokes
LTE, sec Local thermodynamic cquilibrium
Lumped crrewt, 1 201, 209

M

Macro-tortuosity, I1 270



Magnetic broad-band antennas, II: 250
Magnetic field, I: 16, 89, 91, 134, 172, 182, 195,
196, 221; H: 140, 189, 233, 292, 293
components of, H:233
constant, 11: 292
convection, I: 76, 105
Earth’s, I: 121
effects of, 1: 172
interplanetary, 1: 76, 89
LF,11:299
transverse (TM), I: 112
Magnetic flux density levels, [: 152
Magnetic moment, [I: 139, 140
Magnetic polarization, II: 139
transverse, I: 255
Magnetic walls, 11: 179
Magneto-ionic theory, I: 125; I1: 23, 25—32
Magnetopause, I: 76
Magnetosphere, 1: 66, 76, 95, 121; 11: 24
convection field of, 1: 76
measurement of, 11: 49
solar wind and, 1: 104
substormsin, I: 78
unducted propagation in, : 25
whistlers and, I1: 49
Magnetospherically refiected whistlers (MR
whistlers), 1I: 59
Man-made noise, I: 155, 272, 293, 330; I1: 252,
296
in-band, 11: 252
measures of, I: 338—339
prediction of, 1: 342
sources of, I: 330338
Mapping
of cosmic noise, 1: 278
of electric fields, I: 93
of VHF/UHF sources in clouds, I: 269
Mariner space missions, [1: 105, 108, 111, 112,
114
Ma- 1 111—115
Main.., 11: 143
impedance, II: 145
Maxwell equations, I: o1; 11: 137, 140, 161
Mean level, I1: 228
Mechanical force, 1: 92
Melting of electrified ice crystals, I: 13
Mercury, 11: 105
Mesocyclone, 11: 287
Meteorological influences, I: 81
Meteorological reports, II: 191
Microbarograph arrays, 11: 287
Microphone array, I1: 283
Microphysics of clouds, I: 16
Microprocessor-aided direction finding, 11: 250
Micropulsation, I: 130, 135—136, 153
Microseisms, 1: 137
Microsparks, I: 336
Microwaves, I1: 298
emissivity of, I: 273
Middleton’s model, I: 317, 318, 351
Minor lightning, I: 35
Mirror image effect, I: 13

Volume I

Mirror-symmetric path, II: 153
Mobile receiving stations, I1: 186
Mobility
of charged aerosol particles, I: 15
of cloud droplets, I: 15
of ice crvstals, I: 15
of ions, 1: 67
Mode coupling, I: 213
Mode description, I1I: 176
Mode eigenvalues, I1: 169—176, 184
Mode equation, 11: 156, 157, 170, 172
for boundary conditions, 11: 169
real, I1: 172
solution of, 11: 169—176, 184
Models
atmospheric noise, I: 305
Bruce-Golde, I: 42, 45, 46, 52, 59
chi-square, I: 346
collisionless, I1: 39, 52

composite noise environment, I: 347—352

diffusive equilibrium, I1: 39, 40
equilibrium, I1: 39, 40

Gaussian, [: 346

Hall, I: 316

homogeneous 1onospheric, I11: 187
ionospheric, I: 167; I1: 187

layer, I: 165

lightning, I: 34—41

lightning parameter, I: 34—41
Lin, 1: 52

log-normal distribution, I: 232; I1: 237
mathematical, I: 305
Middleton’s, I: 317, 318, 351
nighttime, 1I: 195

noise, I: 305, 347—352

plane attenuation, I1: 176

plane wave guide, 1I: 175
principal, 1I: 204

propagation, 11: 192

return stroke, [: 42, 46, 47, 52, 59
simple Gaussian, I: 346
spherical, I1: 174, 176

spherical wave guide, I1: 175
statistical-physical, I: 347

terrestrial wave guide, 11: 135—157, 159,

169—176
transmission line, 1: 42, 46, 47, 52
Wait’s, II: 135—157, 159, 169—176
Wait and Walters, see Wait’s model
wave guide, I: 204; 11: 188
Mode representation, 11: 170, 174
of field with airy functions, I1: 154
Mode structure
of ground discharges, I: 211
of intracloud discharges, 1: 213

Mode theory, II: 165
Molecular resonance lines, 12 256
Molecules, I: 11
absorption of, I1: 277
attenuation of, 11: 275, 276, 282
clusters of, I: 11
viscosity of, I1: 276
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Moon noise temperature, I 282

MR whistlers, see Magnctospherically reflected
whistlers

Muliichannel ampluude measurements, 3 236

Multichannet phase metsurements 11 23%

Muttiwhanned systems 11 239

Multwomponeat whstlees 11 22

Mulumode propagation effects, 11 218

Muluple reflections, LT 149

Multrple wanion techniques, | 214

Muluplestrokes | 26 27,30 31 (1 228

Muhstation systems 11 251 —252

N

Narrow band Gaussian provess 1 318
Narrow band noise prosesses t29%
Narrow band systems, 11 212
Narrow-section direction finder, 11 248
Narrow sector obsersations, | 242
Nationat Bureau of Standards (NDS) 1 301
Natural conditions, I 298
Natural fair weather ficld 1l 297
Naturalinterference. 1 153
NIS, see Nayonal Bureau of Stapdardy
Near ield wase forms 1 191
Neptune, 11 §26—127
Neutral parncles 1 161
Newton'smethod H 472
RNightime conditions tI 194
Nighttime model 11 195
Nitrogen [ 39
Nurogen oxdes 11 297
formationof I 19
Noise, see atso Interference I 276—281 330
anabylcal models of | 347352
aimosphenic, see Atmospheny noise
Barkhausen, I 136
burstsof, [ 267
chartsof | 270
ClassA | 348
Class B, 1 343
ClassC, 1 348
composte, 1 347352
continuaus, 1 213
corona, | 270272
cosmic, I 376 278
defect, I 336
effectsof 1] 249
empitical predictions of, 1 339336
envclope of, see Noise envelope
envisonmentat, | 330
esumation of, I 274
from extraterrestnal sources, | 276281
full moon temperatureof, [ 282
galacue, I 276, 294, 296, 342
Gaussian, I 301, 320, 321, 324
Ienition 1 336
wpulsive, U 296, 318,319,323
ncidenual, I 330
levelsof, 1 291—296

man made | 155 272,297,330 342,11 296
narcow hand, [ 29%
Aongaussian, [ 348
phascof, b 316
Poinan, 1 313 314
predictions of, [ 339336
pubespacingof 1 317
pulse widthof 1 317
tandom, | 297
recener 1294, 296
RS Ievelof 11 229
agnyl e nobe rauiein ¥ 291
solar system | 280
unintentwonally generated 1 310
white sce W hite none
world wide atmosphetis 1269270
Noncemtlope § 36 WS
atmospheric | 297
None factor 1291
defined [ 292
Novepower [ 291 297 N6
bandwidthof 1 291 29
spectral denuty of 1299 313
Naonclecirn sousces of infrasound from
thunderstorms 11 387 288
Nonpaussian noise 1 YR
Nonlinear propsgation effects 11371
Noncaduation Gelds 1 288
Normal dutnbution 1 282
Normaled spherral $lanket funcuons 11 149
Nose detay IF 3R
Nove frequenay B 3% 8y
Nose whatlers Bl 21 24 W
Nudear esplonion 1 128
awbusat | 276
Nulls 11186
Numerical methods | 220 1 168 172 263
Nwaves It 261 269 270 272 277
Nyquist frequeney | 134
Nyguistantensal 1 142

o

Obhque channel | 217
Obsersational techniques | 26%
Obsenvanons of atmoyphericy Bl 182
Ouveans

Gicld strengthin 1 831

hghtmng over, 1 2
OUO 6sateilg, §1 108
Ommdirect vaatobrernations, | 239
One mode propagation 1 241
Optical obsersations, IE 104

Jupater 1 123
Optical power, 11 84
Optial propernies of clouds, 1 17
Opucat radration 11 81,376
Opucal sensors 11 83
Optcal signals t1 98
Optical techmques, 11 82—96

Orbiting solar observatory satellite (OSO) 11 82,83



Ordinary mode, 1I: 26

Ordinary wave, 11: 55—57

050, see Orbiting solar observatory satellite
Outer planets, I: 282

Ozone, 11: 297

P

Para-longitudinal whistlers (PL whistlers), I1: 60,
62
Para-resonance whistlers (PR whistlers), 11:
60—62
Parseval’s theorem, 1: 140
Partial fields, 11: 139, 140, 142
Partially ducted whistlers 11: 59
Partial reflection, 1I: 158, 162
Particles, 1: 10
aerosol, I: 11, 15, 67
charged, see Charged particles
cloud, I: 12; I1: 278, 279
cloud ice, I: 11
collision of, I: 12
cosmic ray, I: 69
fragmentation of large precipitation, I: 12
graupel, I: 11
hail, 1: 14
mobility of electrified precipitation, I: 15
neutral, I1: 161
precipitation of, 1: 12, 15; 11: 66 *
small cloud, 1: 12
solutions of, 11: 147, 149
Paths
length of, §: 29
location of, 1I: 39
mirror-symmetric, 11: 153
of propagation, 11: 206, 284
of rays, 11: 280, 281, 284
PBE, see Piggyback Experiment
PCA, see Polar cap absorption .
PCM, see Pulse code modulation
PDD, see Pulse duration distribution
Peaks, I1; 229
circuit for detection of, I1: 230
F-layer, 1I: 32
initial, 1: 192, 196, 198, 222
power spectrum, 11: 269
spht, I: 146, 147
voltage, I: 300
Pedersen conductivity, 1: 70, 102
Penetration
depth of, 11: 158, 159
fnto biological systems, 11: 294
Into rooms, 11: 294
loss of, I: 260
Penetrative cell, 1: 4
Permeabitity , I: 91, 182: I1: 137
core, I: 136
relative, I1: 158
Pel'Dt‘.ndicularly incident waves, 11: 158
Phases, 11: 176
changes in, 11: 278
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curves for, 11: 168
measurements of, I1: 238
noise, 1: 316
spectral, 1: 190, 192, 193, 198; 11: 213
velocity of, see Phase velocity
Phase shift, II: 166
Phase spectrum analysis, 11: 240
Phase velocity, 1: 238, 240, 241; 11. 176, 238
curves for, I1: 184
daytime, I1; 182
ELF range, II: 176—200
graphs of, II: 182, 184, 187
group time delay and, 1: 230
LF range, 11: 176—200
plane wave guide models, I1: 175
relative, 11: 176
spherical wave guide models, 11 175
summer, 11: 182
VLF range, II: 176—200
winter, I1: 182
Piggyback Experiment (PBE), 11. (PBE), 1I: 86
Pioneer space missions, 11. 101, 108, 110, 122—123
Pioneer Venus Orbater electric field experiment,
. 111
Planck radiation law, I 264
Planetary lightning, 11: 105—129
characteristics of, 11: 102
limitations of Earth-based observations of, 11:
104
Planetary properties
Jupiter, 11. 115
Mars, 11: 111
Mercury, I1: 105
Neptune, II: 126
Pluto, I1: 127
Saturn, I1: 122
Uranus, I1: 125
Venus, I1: 108
Plasma
anisotropic, I1: 160, 162
cold, 11: 160
components of, 11: 157, 177
diffuse ionospheric, II: 168
flow of, 1: 76
homogeneous, 11: 162
inhomogeneous, 11: 162
ionospheric, II: 168, 188
isotropic, 11: 150
layered, 1I: 163, 174
plane anisotropic, 11: 143
plane layered, 11: 174
sharply bounded homogeneous, H: 162
single ion, 11: 62
solar wind, 1: 76
Plasma field, 11: 160
Plasma frequency, I: 121; I1: 160
electron, I1: 161
Plasmapause I: 105, 257; I1: 24, 35, 40, 50, 52
Plasmasphere, 11: 24, 40, 165
Plastics, 11: 297
Pluto, 1I: 127—129
PL whistlers, see Para-longitudinal whistlers
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Pocket charge, 1 24, 28
Pomnt discharge, 1 R 15
aserwater, | 2
Toissonsotse [ 313 314
Poisson slaw, 1 71
Polar cap absorption (PCA}, 1 128, 129 132
Polar cap field, 1 §9 10S
Polaruy, 1 193,11 9
Polarszation, 11 25 144, X0, 243 249
clectr AL 139
ellipse 11 243
ficld 1 74 78, 104
magnetic | 285,11 139
transserse magnetre 1 258
vertical [ 294
Pales 1t 172
Pollution | 81
Posunecharpe | 15 24 28
Postive streamer | 33
Potential 1 83,94 97
Debye 11 147
clectric, 1 95 100 102, 10%
n parteular solutions 11 147
scatar § 92 11 11 137
vector, t 217 1L 11 137 13%
Potentiat difference I 73,79,87 93 11 2
Power
denuityof 1 142
emitted 18 175
nouse | 293 293,316
signal, t 291
Power hines | 333
harmome radiationan 11 71
interferencesin 41 352
Powcet spectrum 1 139 11 282
acoustic 11 274
densityof 1 139 300
peak of 11 269
thunderand 11 268 269 274
Poynting vector, | 212 224
Precipiation, see also speatfic types 4 7
elecine ficldsand 1 18
energetic particle 11 66
formanonof, I 6,17
fragmentanion of particlesof 1 12
{rozen, t 1%
growth enhancement ! 18
mobibity of electrified particles of 1 18
thunderstorm electrieity and, 1 18
Predischarge sce Lightning
Preprocessing at narrow band systems, 11 212
Pressure
elecincal, 11 286
clectrostatc, 11 285, 286
of ight, 31 152
vapor,! 6
Pressure pulse, [1 285
Pressure wave, I1 285
Prnmary exeitanon, 11 147, 14%
Pracpal madel, UL 204
Probabiluy density, 1 142
Probabihity distnbution, [ 231

Profile parameters, 11 159
Propagating waves, upward and downward, 1t
8

Propagation, 1 318
along a geomagnetic meridian, 1] 182
ancemalous behavior of, 11 192
attenuation of 11 238
chatacternticsof 1 238,01 178
conditons of, 14 154
constant of, I 176
crnal requoncy of, 1 237
daytime, It 192
ducchion of, Ll 182
discontinuiies of 1) 192
east 1o went IF 169, 182
ellectnnl 11 D)
covaluationof 1t 282
factorof | 22%
fimte amplrude 11 272 274,278,277
tumtionof 11 178 176
HE 1 290
wnetphenic, § 257,11 45
mode conversianof 11 138
modclof 11 192
modesof 11 (81
mmltmode, 1 238
miphtbime 11 192
nonhnear 11 3N
one mode, 11 241
pathal, | 318,10 36, 384
predicuonof § 308
fadiowave, i1 113
fay 1L 288
Mene W 916
ungle mode 11 241
and solat activity and, 11 196
thunder, It 272--282
unducted 11 28
MEE wave 11 32
wave see Wave propagation
wavegunle 11 47
weut to-cast, [l 169 IR
whistler 11 27 32
Proton-cyclotron whistler, 11 61
Protan fluv 1 134,136
Protonoaphere 15 24
PR whistlers, sce Para resonance whastlers
PAD, sec Pulie spacing ditribation
Pulve
dispersion of in atmosphenc wave puide, | 224
formsof, 1] 296
tengthof, | 224
pressure 18 283
racof,1 299
recurrence frequenaies of, 11 296
ten Hr square wave 11 302
Tulse code modutation (PCM) transmisnon
systems, 1] 252
Pulse duration distnbunon (PDD), 1 299,300,
39
Pulse sequence spectrum, 1 263
Pulse spacing distribution (PSD), | 299, 301,339
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of noise, 1: 317 Rate meters, 11: 226
pulse width of noise, I: 317 Rayleigh distribution, §: 311, 312
Rayleigh fading, 1: 320
Rayleigh-Jeans approximation, I: 265
Q Rays
acoustic, H: 280, 281, 283
direction of, I1: 28, 29, 32
path of, II- 280, 281, 284
i propagation of, I1: 284
Quality, see Q value :
Quasi-electrostatic approach, 1: 92 :;fractlvfe |Ind3e2x6o§,I 112.728,219, 32
Jlongitudinal (QL) approximation, 11: 30, coryol, I: s 11: 279, 280
Quasi l;;’g;; inal (QL) app tracing of, I1: 282—285
(s RC amplifiers, I1: 242
lity), 11: 182 ;
Q value (quality) Real time estimation, 11: 240
Receivers, 11: 176
antennas for, [ 131

QL approximation, see Quasi-longitudinal
approximation

R diversity-type, 1: 320
log correlator-type, 1: 324
Radar observations, 1: 18 mobile, 11: 186
Radial component of electric fields, I1: 155, 175 noise in, I: 296
Radiation noise figure for, I: 294
accelerated charge, 1: 252 threshold of, 1: 231, 242, 322; 11: 87
acoustic, 11: 270 threshold-type, I: 324, 325
cosmic, 1: 128 Recoil current, I: 34
dipole, ¥: 180 Recoil streamer, I: 33
electromagnetic, 1: 47, 217—231; 11: 181 Reference height, 11: 176, 189
harmonic, II: 71 Reference level, 11: 168
ncidental, 1: 339—346 Reference plane, 11: 165
optical, 11: 81 Reflected wave, 11: 144, 162
spark discharge, I1: 295 Reflection, I1: 272
synchrotron, I: 278 boundary of, II: 179
theoretical wire and, 1: 209 coefficents of, II: 149, 151, 156, 174
thunder, 11: 258—272 ideal conditions for, I1: 172
Radiation component, 1: 183, 187 ionosopheric I1: 159, 177
energy of, [: 223 LHR, II: 35, 61
Radiation field, I: 252; 11: 12 maximum, II: 169
Radioactive disintegration, I: 11 multiple, 11: 149
Radioactivity, 1: 67, 68 parameters of, I1: 166
from soil, 11: 295 partial, I1: 158, 162
Radio horizon distance, 1: 256 plasma and, II: 162, 163
Radio nterference, see Interference surface of, 11: 160
Radio noise, see Noise Reflection factor, I: 227; 11: 162, 174
Radio signals, see Signals analytical representation of, II: 165
Radon gas, I: 134 Earth’s surface, I1: 158
Rain, see Raindrops Fresnel, 11: 156
Rainbows, If: 152 A inhomogeneous anisotropic ionosphere, 11: 159
Raindrops, see also Droplets, I: 7 numerical calculation of, I1: 165
charged, I: 11, 14, 18 plane anisotropic plasma, 11: 143
coalescence and, I: 18 Reflectors
collision and, 1: 18 homogeneous, I1: 159
disruption of, I: 13 ideal, 11: 175
clectrified, I: 13 Refraction, I1: 279, 280, 283
formation of, I: 18 laws of, I1: 283
levitation : thermal, 11: 272
nonelectrlgili{'lt‘t’318 Refractive index, 11: 27, 34, 36, 38, 54, 55,57,62
terminal velocities of, 1: 13 complex, 11: 33
“Rain gush” phenomenon, I: 18 curve of, 11: 36
Ramp, 1: 220,222 group ray, 11: 29
Ramp starting time, 1: 193, 196, 199 ray, 11: 28,29, 32
Random atmospherics, 11: 190 surface of, I11: 28,29
Random interference process, 1: 306, 310 Relaxation radius, 11: 259, 261, 270

Random noise process, see also Noise, 1: 297 Residential areas, I: 341
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Resistance, I 75,210
channel, Il 263
columnar 1 69,73,98
mternal 1 73,104
oad, 1 74, 104
wave | 203

Resonance, { 112, 118
angleof, 11 28 57
Cerenhov, II 65
condstionof 11 28
cyclotron [l 66
frequency of, I 203
Landau t1 &5
bine sprtting n, 1 145
longitudinal, It 65
lowes hydnd, 14 57
molecular 1 256
Qualue, th 182
Schumaan, { £0,239 241,01 134 181 182

92

transserse Il 66
upperhybnid 11 57
Resonant excitanon 11 182
Resonant frequencies T 112 11 182
Resonalor
cavuy 1,112 11 181
concentric sphere 1 112—129
Retarded nme 1 JR3 217 225 228
Return strokes (R strohes) 1 27 29—32 41 44
45, 50—53 56,57 59 164 180 187 189
191,194 195 196,200 201 2($ 216 221
222 235,326 11 80 205 263265 269
charactenisuies of, 1 205
geometryof, | 47
modehng of, § 42
space dependent nature of | $5
spectrographic studies of 11 238
seloatyof [ 37 43 a8
wavefrontof 1 52 201
Richardson number 1 103, 128
Rise time, [ 193, 198 225 326 11 §0 9$ 264
of current [l 264
RMS voltage, I 300
Rockets and electrical perturbations 1 10
Root mean square, sec RMS
Roundoff errors, 1 145
R strokes, see Retuen strokes
Rumbles, see Thunder
Ruralareas, I 341, 342
Russian space mussions, I1 108, 111, 112

S

SA, see Spectral amplitudes
Saha equation, [ 39
Sangune, 11 300
SAR, sce Spectral amplitude ratio
Satellite detection, 11 8182
of lightning, 11 B2—96
Satellite observations, I 2,11 191
of whastlers, 11 58

Saellites
atmospheric noise and, 1 274
datafrom I 160,11 63,274
DMSP, 1 59,11 84,85
orbiting solar observatory [1 82,83
Vela, I 9 11 83
Satwra, {f (22—126
Scalar conductivaty, | 93
Scatar impedances, T 145
Scalar potentaal, T 92,11 13 137
Scalar reflection coefhicients, [ 143
Scalar wave equation 11 141
Scattening 11 278
acoustc It 278
Light 11 152
theory of 1 279
turbulent 11 278 282
Schumann revonances 1 80 239 241 31 134,
181 182 292
Screening layer of spacecharge [ 8
SDA see Sudden decrease of armospherics
SEA sec Sudden enhancement of atmosphenics
Seasonahity of efectric ficld, 1 152
Secondary excitation 11 147 148
Second viscostty §1 276 279
Sector boundary crosungs 1 84
Seeding of douds | 7
hghiming and, | 17
Selectne fading of frequency ¢ 321
Self inductance 1 78
Separation of charge 1 12
Separation ttme 11 239
Series tepresentation 1) 152
Service probatuliry 1322 323
Sferes
frequency of 11 294
networksof I 234
propagationof (1 916
source and wane puide properties derved from,
1 231—-246
sourcesof 1 235 265—269
stratosphercand 1l 1—19
strengthsof 1 265—269
wase formsof 1 190—199
Sfenics Locating System (SFLOC), 1) 251
SFLOC see Sfenes I ocating System
Shadow z0ne 11 28)
Sharply bounded homogeneous plasma, reflection
at, [ 162
Sharply bounded 1onosphere, 1 166
Shock waves, 1T 238, 259, 261, 265, 267, 268,
270 282
cyhndrcal, It 259,261
expansionof, 1 258
formation of, Il 258
sphenical, 11 259,261
Shortercat, [ 104
S1Devent, | 128,142
Signals
envelopeof, 1 319
fadingof, 1 324
level of, I 158



power of, It 291
processing of, 11: 217
Signal-to-noise (S/N) ratios, 1: 291, 319, 320, 322,
324
Simulations with computers, I: 59
Single impulse, 1: 260
Single ion plasma, Ii: 62
Single-mode propagation, HI: 241
Single station techniques, I: 235
Singly ionized nitrogen, 1: 39
Singular surface, I1: 148
Sinusoidal-like variations, If: 292
Sixth International Conference on Atmospheric
Electricity, I: 58
Skin effect, 1: 211, 256
Skip zone, I: 257
Sky waves, I: 326
Slow positive streamer, 1: 33
Slow tail, I: 208, 237, 240; I1: 239
wave forms of, 1: 203
Snell’s law, 11: 32, 35, 36, 59, 283
Snow, 1: 2, 11, 275
Soil radioactivity, 11: 295
Solar activity, 1: 70, 168, 243
effects of, I: 84
propagation effects of, 1: 280; I1: 196
Solar flux, 1: 145, 146, 168
Solar heating, I: 2
Solar system noise, I: 280
Solar wind, 1: 66, 76
magnetosphere and, I: 104
Solar X-ray bursts, I1: 196
Source-free region, 11: 137
Space, 11; 163
Space charge, I: 71
artificial introduction of, I: 8
density of, I: 8
of fast ions, I: 11
screening layer of, 1: 8
Space missions, Russion, 11: 100, 108, 111, 112
Space missions, U.S., see also Mariner, Pioneer,
Viking and Voyager missions
Jupiter, II; 115
Mars, 11: 111
Mercury, 11: 105
Neptune, I1: 127
Saturn, II: 123
Uranus, 1]: 125
Venus, 11: 108
Spark channel, iI: 267, 268
Spark discharges, radiation from, II: 295
Sparks, I: 336; 11: 265, 270
Spark waves, 11: 267, 272
Special sensor for lightning (SSL), 11: 84
Spectral amplitude (SA), I: 189, 192, 193, 198,
Spectr 231, 23_3; 1I: 190, 213
al amplitude ratio (SAR), 1: 233, 234; II:
) 188, 189, 194—196, 238
higher order modes and, I1: 192
Spectral density, I: 262, 267, 293
of noise power, I: 299, 300, 333
Spectral function, I; 187, 189, 326
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Spectral phase, I: 190, 192, 193, 198;11: 213
Spectroscopic studies of lightning, I: 39; 11: 258
Spectrum, I: 112
acoustic power, 11: 274
atmospherics, II; 187
continuum, 11: 153
power, 1: 139; 11: 268, 269, 274,282
pulse sequence, 1: 263
single impulse, I: 260
source, [I: 175
thunder, 11: 269, 274
Spectrum analysis, 1. 138
phase, 1I: 240
Sphere
capacitance of, I: 132
resonators of, I: 112—129
Spherical antenna, I: 131
Spherical boundaries, I1: 149
Spherical coordinates, [I: 140
Spherical Hankel functions, I11: 150, 154
normalized, I1: 149
Spherical model, 11: 174, 176
attenuation of, I1: 176
Spherical shell, I1; 148
Spherical shock waves, 11: 259, 261
Spherical stratification, I: 120
Spherical wave guides, I1: 176
attenuation in models of, II: 175
phase velocity in models of, 11: 175
Spherical waves, 11: 150, 266
Split peaks, I: 146, 147
SP whustlers, see Subprotonospheric whistlers
Sq current, I: 103
electric field of, 1: 87
variations in, I: 76
SQUID, see Super conducting quantum
interference devices
SSL, see Special sensor for hghtning
Standard bandwidth, I: 266
Standard distance, I: 266
Standard frequency transmutters, 11: 184, 186
Standing waves, 11: 179
Stationary sources, I1: 190
Statistical atmospherics parameters, 11: 237
Statistical-physical model, I: 347
Stepped leader, 1: 29, 30, 44, 56, 57, 197, 201,
206; 11: 80, 264
characteristics of, 11: 206
Storms, 1I: 190
air mass thunder, I: 2
dust, I: 2,275; [1: 113
energy of, I: 18—19
frontal, 1: 2, 3
infrasound in, II: 287
magnetospheric substorms, 1: 78
severe, 11; 237, 287
snow, [: 2
sub-, I: 78
summer, 1: 58
thunder, see Thunderstorms
tornadic, see Tornadoes
Stratification I: 120
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Stratified ground, 11 158
Stratosphere sferics, I 119
Streaking camera, 1 37
Streamers, I 30, 32, 11 264
branched, I 34
K, see Intracloud discharges
positive, 1 33
recoll, I 33
Strohes, T 139 11 265
defined, I 29
see
K, 1 183,184 197,200
leader, I 180
mutuple, [ 26, 27,30, 31,37 11 228
R, see Return strokes
return, see Return strokes (R strokes)
sabsequent, IT 81
type2,1 216
Subprotonospheric whistlers (SP whistlers) 11 63
Substorms, 1 78
Sudden decrease of atmospherics (SDA) I 243
245
Sudden enhancement of atmospherics (SEA), |
243, 245
Summer storms, 1 58
Sun, see also Solar
heating from, [ 2
Sunspots
cycleof, I 242
number of, I 168
Superbolts 1 59,11 84 121
Super tETGUtINE guantum imerierence devices
(SQUID) I 136
Supercooled droplets, 1 7
Supercooled water, [ 14
Surface
boundary of, Il 148
Earth, Il 138,175
1deally reflecting, I1 174
mpedance of, [ 117, 11 135,153, 159 176,

Mars, I 112

reflective, 1l 158 168

sngular, 11 148
Synchrotron radiation 1 278
Synoptic metearalogical reports, I 191
Systematic electnfication I 12

T

Tangential components of electric and magnetic
fields, II 148,178
Tangential electric field, {1 TE, see Transverse
electric
Telecommunication system performance, 1
89—310
Temperature, 1 4,292, 253
background, I 280
brightness, I 264
channel, I 38, 215,11 81
cosmic notse, I 278

tigh clouds, 1 4
noise, 1 278, 282
Termunal velocity, I 13, 14
Terrestrial parameters, 11 176
Terrestrial surface, [1 158, 175
Terrestrial wave guide, see also Wave guides, 11
146, 180
Wait's field model of, I1 135—157, 159,
169—176
Testanimals, 11 297
Test persons 11 297
Textiles
clothing of 11 295
frction of, 11 297
Thermal equibibnum, 1 265
Thermal notse, I 272—273
Thermal refraction 11 272
Thermodynamic equilibrum, [ 39
Thin fim optical method 11 35
Threshold, recerver T 231 242 322,324,325, 11
87
Thunder, | 28,30 1I 258,259 263,264, 268,
269,272 277,279 281—283 285
acoustic waveof 1 18
clapsof, Il 270
dispersion of, 11 279
features of, {1 284, 285
finite amplitude propagation of 11 272
infrasome, It 258, 287
power spectrum of, 11 268 269, 274
propagation of, Il 272—282
radianon from hot chanmels and 11 253-~272
ranging of, [1 284 285
rumbling {1 270
signals of, Il 274
signatures of 11 270 272, 284
spectrum of, [1 269, 274
wavelengihs of, 1 278
Thunderstorm electricity, 1 66
and preaipitation, [ 18
Thunderstorm ficld, I 71,98
globally representative statsons for, 1 78
Thunderstorm regtons [ 158, 11 192,195
locanon of, { 155
Thunderstorms, [ 2—7, 24, 37, 58 59, 79,293,
1 4—9,292,298
armass, I 2
as global generators, I 96
as local generators, [ 100
charge structure of, L 24—29
distrsbution of, I 269
historyof, I 8
mtensity of, I 164
locating of, | 234
locations of, IT 191
long-lasting, 11 192
monitoring of, | 164
nonelectric sources of wfrasound from, 11
287—288
not extending above freezing level, I 14
position of, 11 194
sizeof, I 3
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orbuters, IT 111—115
Virtual height, 1 227, 243
Viscosity, I 275, 278, 279
coefficient of, Il 276
molecular, II 276
second, I1 276,279
Viscous attenuation, I 279
Viscous drag, 11 279
VLF,1 227,11 23,67,134,178, 180, {81 187
attenuation in, I1 176—200

graphs of attenuation and phase velocity in, 11

184
lower, [I 184
mddle, I 185
phase velocity in, I 176—200
propagation of 11 32
upper, IT 185
VLF Atmospherics Analyzer (VLFAA) of the
Hemnch-Hertz-Instuue, 11 188 242
VLF component, 1l 239
and time difference of ELF, 11 238
VLF transmitters, 1l 69
Volcanoes
clouds from, 1 2
eruptions of, I 3,275
Martian, 112, 113
onlo, 122
Vortices 11 287
Voyager mussions, 1t 115 123
Voyager 1, IT 100 115, 119—122
Voyager 2, 11 100, 122, 125, 127

w

Wait s model, Il 135—157, 161—176
Walking trace whstlers (WT whustlers) 1T 61
Walls
electric, 11 178 179
maguaetic, Il 179
Water
freezing 10 supercooled I 14
ground, I1 159
point discharge aver, [ 2
Water drops, sec Droplets
Water table, Il 158
Water vapor, 1 83
condensationof,1 17
Watson transformation, 1 114, 11 152, 170
Wave equation, Il 147
Wave forms, I 183, 197, 201 202
far field, I 194
near field, I 191
of sferics, 1 1950—199
stow tail, 1 203
Wavefront, I 30, 200
return-stroke, I 52, 201
Wave guides, I 112
atmosphenc, 1 224
boundaries of, Il 179
cylindrical, 11 176

Earth-1onosphere, I 290
electric walls and, 11 178, 179
magnetic walls and, {1 179
modelof, 1 204,11 188
one electric and one magnetic wall and, 11 179
plane, 11 175, 176
propagation of, I1 47
sfenic-denived, [ 231—246
spherical, 11 175,176
terrestnal, IT 135—157, 180
Wavelengths, 1 205,11 166
LF, 11 185
of thunder, I1 278
Wave propagation, see also Propagation, 11 115
theory of, 11 133—201
through ionosphere, 1 260
VLF, I 32
Wave pulses, Il 302
Wave resistance, 1 203
Waves
acoustic, 1 17,11 272, 285
aperiodic type 1, 1 185
attenuated, Il 153
charactenistie, 1l 177
cyhindrical shock, I1 259, 261
downward propagating 11 163, 178
electromagnetic, [1 293
Etype Il 179
extraordinary 11 56
free 1 213
gravity, Il 287
ground, 1 224,255
HF, 11 81—-82
hydromagnetic, 1l $5
nfrasonic, I1 258, 287
wonospheric, 11 287
ion whistler, II 55
N 11 261, 269, 270, 272, 277
chservatens of, 1L 104
ordnary, Il 55, 56, 57
perpendicularly incident, 11 158
plane, 11 174
planetary I 243
pressure, 1l 285
of, see Wave
reflected, H 144, 162
shock, I1 258, 259, 261, 265, 267, 268, 270,282
sky, I 326
spark, 11 267,272
spherical, 11 150, 266
spherical shock, 11 259, 261
standing, I1 179
TM, 11 143 150
upward propagating, I1 163, 178
verucally polanized, It 165
VLF, Il 23,67
whistler, 11 67--74
Weak convergence, I1 153
‘Weather, see specific phenomena
West-to-east propagation, 11 169, 182
‘Whip antennas, I 131, 11 207




Whistlers, I: 59, 125; 11: 22—-78

amplification of, I1: 66
dispersion of, 11: 39, 48, 52
ducting of, I1: 35

electron-ion, 11: 63

emissions of, 11: 71

frequencies of, 11: 32

ion, II: 55, 63

ion-cyclotron, I: 58, 63, 64
Jupiter, I1: 119

magnetospheric measurements and, I1: 49
MR, 1I: 59

multicomponent, 11: 22

nose, 11: 23, 24, 38

partially ducted, 11: 59

PL, I1: 60, 62
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